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Centaurus A: Radio



Strong GR: The Black Hole Silhouette

Bardeen 1973 
Luminet 1979 
Falcke. Melia & Agol 2000 
Takahashi 2004

Shadow Diameter:

Spinning (a=1) 
Dsh = 9/2 * Rsch

Non-spinning (a=0) 
Dsh = sqrt(27) * Rsch

Shadow size and shape encodes GR (Dimitrios & Johansen 2010).



Theoretical Simulations 

Broderick & Loeb

Asymmetry due to Doppler boosting.

Radio emission from synchrotron process.

Psaltis et al Mościbrodzka et al



Max van Laue - 1921





Innermost Stable Circular Orbit
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Short Wavelength VLBI

Hard Disks



A Goldilocks Situation
• Resolution: 1.3mm/D_earth < shadow size.
• Earth’s Atmosphere: turbulent but opacity<1.
• ISM: free electron scattering ~ lambda^2.

9



A Goldilocks Situation
• Resolution: 1.3mm/D_earth < shadow size.
• Earth’s Atmosphere: turbulent but opacity<1.
• ISM: free electron scattering ~ lambda^2.
• Accretion Flow optically thin.

9



A Goldilocks Situation
• Resolution: 1.3mm/D_earth < shadow size.
• Earth’s Atmosphere: turbulent but opacity<1.
• ISM: free electron scattering ~ lambda^2.
• Accretion Flow optically thin.
• Sensitivity: Bandwidth and Apertures.
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Next Gen VLBI Technology: Keeping up with Moore
Roach Digital Backend (R2DBE)

Digital Recorder (Mark6)

Current capability: 16 Gb/s. 
Data per session: ~7 PetaBytes. 

Laura Vertatschitsch (2015)
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IRAM-ALMA 
•	Several	Successful	Campaigns	
•	1.3mm	VLBI	Fringes	to	multiple	sites.

Adding ALMA to the EHT



Led	by		
Dan	Marrone	(UA)

EHT adds the South Pole Station



VLBI with the LMT
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2GHz BW
SNR > 15 in 10 seconds!



SgrA*: A Supermassive BH at the Milky Way Center 



Central Mass 
M ~ 4x106 M! 

Shadow Diameter 
is: 50 micro 
arcseconds 

Equivalent to 
seeing a grapefruit 
on the moon! 

Stars Orbiting SgrA*



SgrA*: Event Horizon Structure Confirmed

About 4 Schwarzschild 
radii across.

 ρ = 1023M⊙pc
−3

4230km
4030km

908km

SMT-CARMA

SMT-JCMT

JCMT-CARMA

Doeleman et al 2008



M87: BH Origins of a Relativistic Jet
Craig Walker et al. 2008

5.5 Schwarzschild Radii 
Doeleman et al 2012

Graphic: Broderick



Strong GR Effects:
• Smaller than the expected ISCO: prograde disk.

Doeleman et al 2012

retrograde orbits

prograde orbits
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Ordered Fields?

Magne�cally-Arrested Disk

Narayan et al. (2003)

Sheared Fields in Keplerian Flow

McKinney et al. (2012)
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M. Johnson et al (in press)Science 2015)



Asymmetry in SgrA*

Fish et al 2016



The EHT from the Center of the Milky Way

+Greenland - 2018



Imaging SgrA*’s Shadow

22MEM: Andrew Chael+  2016



• Advertised	to	EHT	community.	
• Entrants	include:	MEM,	Bispectral	Imaging,	CHIRP,	Sparse	Sampling.
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Noise:	Thermal	only

Noise:	Thermal,	Atmospheric,	Systematic

EHT Imaging Olympics



Time Resolving BH Orbits
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!

Broderick & Loeb (2006); Doeleman et al (2009)



Time Resolving BH Orbits
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Broderick & Loeb (2006); Doeleman et al (2009)



Reconstructing Orbits

25Michael Johnson (CfA)



Complex motions near the Horizon

26

Hotaka Shiokawa



Making Movies
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EHT 2017

EHT 2025

Michael Johnson et al - in preparation.



Perturbing the Kerr Metric: Quasi-Kerr
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Location of the ISCO Lightbending

Johannsen & Psaltis: (2010), (2011)

Q’=-a2/M2 + ε



Tests of GR
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Broderick, Johannsen, Loeb & 
Psaltis, ApJ, v784, 7B, 2014

Johannsen et al 2015



EHT Roadmap

30

Dual-pol	2	GHz	
(16	Gbps)	

Dual-pol	4	GHz	
(32	Gbps)	

Dual-sideband	
Dual-pol	4	GHz	

(64	Gbps)	

✓

2015	

2017	
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2019	
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✓
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8x	Module	
1x	Synth	
1x	NoiseCal	

•	Slope	Eqlzrs	
•	BDC	upgrd.	
8x	Module	

64	Gbps	
•	Reconfig	
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✓
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✓

?

Join	
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RX	upgrade	
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upgrade	
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New	site	
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JCMT	
✓

?

Activities/Results:	
• EHT	Global	Observations	in	2015.	
• EHT	Global	Observations	in	2016.	
• 1.3mm	VLBI	Detections	to:	

• South	Pole	
• LMT	
• IRAM	30m	
• APEX	
• Phased	ALMA	

• ALMA	Phasing	Project	accepted	 
for	Cycle	4.	

• Resource	allocation	for	build-out	 
to	64Gb/s.	

• Elements	of	GLT	shipped	to	Thule.	
• ALMA	prototype	now	at	KittPeak.	
• NOEMA	in	progress.



EHT Team and Support
MPIfR - Bonn 
ASIAA 
SAO/CfA 
MIT Haystack 
CARMA 
NAOJ 
U. Arizona  
BHC 

Perimeter Institute 
U. Illinois UC 
UMD 
Onsala Space Obs. 
U. Mass Amherst 
LMT 
INAOE 

NRAO 
UC Berkeley 
IRAM 
APEX 
JCMT 
U. Concepcion 
UNAM 
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Planning the EHT (2010) 
MIT Haystack Observatory
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EHT2012: Bringing Black Holes into Focus 
Tucson, AZ
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EHT2014: Perimeter Institute
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EHT 2016: Here in Cambridge 
28 Nov - 2 Dec



The Future
• April 2017 observations: first ‘imaging’ run 

and dynamical probes.
• EHT Consortium focus on data processing, 

analysis and science.
• April 2018: increase to 64Gb/s and addition of 

Kitt Peak, Greenland and NOEMA.
• Gaze shifts to continued operations and 

development of:
• higher BW
• more telescopes (smaller diameter).
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