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Radio sky over Green Bank radio telescopes

Moon to scale on LOFAR field

The radio sky is dominated
by bright radio galaxies in far universe
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Hercules A = 3C348
at 1 billion light years,
observed with the VLA
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Messier 87 = Virgo A

VLBI

VLA

LOFAR + optical

Hubble        





•  

Resolving the Black Hole shadow
• Typical VLBI network 3000km baselines at 22 GHz: θ ≤ 1 mas
• Largest apparent Black Holes:

• Schwarzschild radius SgrA* 4.5 106 M⊙ at 8 kpc: 10μas
• Or for M87 3.5 109 M⊙ at 16.4 Mpc: 4.2μas
• Or for M87 6.5 109 M⊙ at 16.4 Mpc: 7.8μas

Lensing of a thin accretion disk

Radio image of SgrA* vicinity (in blue)
Chandra X-ray (in pink)





Courtesy of T. Krichbaum





Slide & animation credit:  Daniel Palumbo, Katie Bouman, Jonathan Weintroub, Maciek Wielgus

Event Horizon Telescope (EHT) : An Earth-sized telescope
Very long baseline interferometry : uses Earth rotation!



‣8 facilities in 2017, 9 in 2018 (+GLT)
‣2021-2025:  plus Kitt Peak and NOEMA array + KVN + 

GLT 

‣Each campaign ~2 week window and we observe 
~7 days

‣Multiwavelength coordination a challenge!

The EHT carries out yearly campaigns – there is a campaign ongoing now!!!! 



MEXICO

CHILE

HAWAII

SOUTH POLE ARIZONA

SPAINSlide courtesy Katie Bouman















M87 
Not observed
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<2017 2017 2018 2019/
2020

2021 2022 2023

Stations SMT, 
CARMA, 
SMA, JCMT
APEX

SPT, ALMA, 
APEX, SMA, 
JCMT, LMT,
SMT, PV

SPT, ALMA, 
APEX, SMA, 
JCMT, LMT, 
SMT, PV, GLT

SPT, ALMA, 
APEX, SMA, 
JCMT, SMT, 
PV, GLT, KP, 
NOEMA

SPT, ALMA, 
APEX, SMA, 
JCMT, LMT, 
SMT, PV, 
GLT, KP, 
NOEMA

SPT, ALMA, 
APEX, SMA, 
JCMT, LMT, 
SMT, GLT, 
KP, NOEMA

Bandwidth 32 Gbps 64 Gbps 64 Gbps 64 Gbps 64 Gbps

345 GHz

Spring 2024!

The EHT campaigns



Essential to sample different accretion scales 





• Shadow size and 
appearance of the rings 
consistent with General 
Relativity 

(EHTC Sgr A* M87 2017 VI)

• MAD models are favored

• Consisten with 
predictions from GR 
within  < 10-17%

Total intensity  (EHTC Sgr A* 2017 I, V)
Polarization     (EHTC Sgr A* 2017 VIII)

Total intensity           (EHTC M87 2017 I, V)
Linear polarization   (EHTC M87 2017 VIII)
Circular polarization   (EHTC M87 2017 IX)
Total intensity           (EHTC M87 2018 I, II)

EHT results: magnetically arrested disks



Algaba et al. 2021

Multiwavelength campaigns



More than two black holes…

Jorstad et al. 2017 ; Kim et al. 2023 

3C279

Centarus A Jansen et al. 2021

GC Pulsars, Torne et al. 2023



More than two black holes…

Jorstad et al. 2017 ; Kim et al. 2023 

3C279

Centarus A Jansen et al. 2021

Ramakrishnan, 
Impellizzeri et al in 
prep



Figure: Dhanya Nair
Ramkrishnan et al. 2023

The future is AGN-rich



Primary EHT Results

•Black holes power active galactic 
nuclei

•EHT GR tests of BHs span 3 orders 
of magnitude

•Precision measurements of accretion 
and jet physics
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•Precision measurements of accretion 
and jet physics

Primary Questions for EHT Future

• What is the origin of relativistic jets in 
SMBHs?

• What causes flaring near SMBHs?
• Do SMBHs have strong 

magnetospheres that extract spin 
energy?

• What are the space-time properties of 
massive compact objects in galactic 
nuclei?



Q1:  What is the origin of relativistic jets in SMBHs?

Goal 1: Establish the dynamical relationship between the SMBH and 
its relativistic jet in M87*

Characteristic
variability is on 
monthly time scale



Q2:  What causes flaring near SMBHs?

Goal 2: Measure the ring structure and dynamics of Sgr A*, especially 
during MWL flares

ALMA
SMA

NUSTAR
Chandra



Q3:  Do SMBHs have strong magnetospheres that extract spin 
energy?

Goal 3: Measure the near-horizon magnetic field structure and 
strength in M87* and Sgr A*

Retrograde

Prograde



Q4: What are the space-time properties of the massive compact 
objects in galactic nuclei?

Goal 4: Estimate the spacetime properties for M87∗ and Sgr A∗ 
through properties of their emission rings and apparent shadows



What’s Next for the Event Horizon Telescope?



• Jet/disk dynamic connection
• Stability of the ring image
• Deep image of the ring and jet

• Magnetic field structures

Movie Campaign

More observatories

Wish list
-  more antennas, better instantaneous coverage (… even in space!)
- Lower sensitivity limits, observe more AGN, spectral lines (masers, abs 
studies) 
Multi-wavelength/messenger coverage to be further improved



Ground VLBI observatories

BHEX

Ground optical terminals

PI Michael Johnson

The future is in space!



Ground VLBI observatories

BHEX

Ground optical terminals

PI Michael Johnson

The future is in space!



Thanks for your attention    
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