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The Shadow of a Black Hole

~5.2 Rs

(Hilbert 1916)

BH

Credit: Hung-Yi Pu

Rs = 2GMBH/c2
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Event Horizon Telescope
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Event Horizon Telescope

Credit: Hotaka Shiokawa

50μas
EHT

 Sgr A*

M87

Credit: Monika Moscibrodzka 

40μas
EHT
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Units of the Angular Size
Protractor：1 ticks = 1 degree

x 1/60 = 1 arcmin

x 1/60 = 1 arcsec

x 1/1000 = 1 mas
x 1/1000 = 1 μas

0.5 deg

30 arcmin 40 - 50 μas
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Event Horizon Telescope Collaboration

>300 members, >59 institutes, >18 countries in North & South America, Europe, Asia, and Africa.



Meet the Telescope
SMT, Arizona

JCMT, Hawaii
APEX, Chile

IRAM 30m SpainLMT, Mexico

Photos: ALMA, Sven Dornbusch, Junhan 
Kim, Helge Rottmann, David Sanchez, 
Daniel Michalik, Jonathan Weintroub,  
William Montgomerie
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ALMA, Chile

SMA, HawaiiSPT, South Pole
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From Observations to Images
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EHT Hardware

Recording Rate: 
- VLBA, GMVA: 2-4 Gbps 
- EHT: 32 Gbps (2017), 64 Gbps (2018-)

EHT Backend 
(R2DBE, Mark 6)
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From Observations to Images

Credit: Lindy Blackburn

Credit: Bryce Vickmark

MIT Haystack Observatory

8 TB x 8 HDD 
(x 92 modules)
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Data Calibration
CASA Pipeline (rPICARD) EHT AIPS Pipeline HOPS Pipeline (EHT-HOPS)

Blackburn et al. 2019 Janssen et al. 2019 EHT Collaboration 2019, ApJL, 875, L3
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Interferometric Imaging

Fourier Domain 
(Visibility)

(Images: adapted from Akiyama et al. 2015,  ApJ ; Movie: Laura Vertatschitsch)

Image Sampling Process
(Projected Baseline = Spatial Frequency)
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Interferometric Imaging
Tr
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Algorithm？
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Two Classes of Imaging Algorithms

Solve for gains and phases  
that best match current image

Inverse Modeling 
(CLEAN +  Self-Calibration)

+ guidance from  
knowledgeable user

Trad
ition
al

Credit: Katie Bouman
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Two Classes of Imaging Algorithms

Forward Modeling  
(Bayesian Inspired Optimization)

+

Amp  
Error

Phase  
Error

Thermal  
Noise

Systematic 
Errors

Solve for gains and phases  
that best match current image

Inverse Modeling 
(CLEAN +  Self-Calibration)

+ guidance from  
knowledgeable user

Trad
ition
al

Credit: Katie Bouman Credit: Katie Bouman

Non negativity

Smoothness
Sparsity Information 

Entropy
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New Imaging Methods

Two Imaging Libraries

eht-imaging (Chael+2016,2018) :  https://github.com/achael/eht-imaging 

SMILI (Akiyama+2017a,b) : https://github.com/astrosmili/smili

14 Chael et al.

Figure 9. (Top) 1.3-mm MEM reconstructions of a magnetically arrested disk simulation of the Sgr A* accretion flow, courtesy of Jason
Dexter (Dexter 2014). Color indicates Stokes I flux and ticks marking the direction of linear polarization are plotted in regions with I
greater than 4⇥ its RMS value and |P | greater than 2⇥ its RMS value. After blurring the image with the Sgr A* scattering kernel at
1.3 mm, data were simulated with realistic thermal noise, amplitude calibration errors, and random atmospheric phases. The center right
panel shows a reconstruction with data simulated on EHT baselines expected in 2016 and the rightmost panel shows the reconstruction
with the full array expected in 2017. Each reconstruction was restored with a Gaussian beam 1/2 the size of the fitted clean beam (93⇥ 32
µas FWHM in 2016 ; 27⇥ 14 µas FWHM in 2017). For comparison, the center left panel shows the model smoothed to the same resolution
as the 2017 image. (Bottom) 1.3-mm MEM reconstructions of a simulation of the jet in M87, courtesy of Avery Broderick (Broderick &
Loeb 2009; Lu et al. 2014b). Data were simulated on 2016 and 2017 EHT baselines as in the top panel, but without the contributions from
interstellar scattering that are significant for Sgr A⇤. Both reconstructions were restored with a Gaussian beam 1/2 the size of the fitted
clean beam (72⇥ 36 µas FWHM in 2016 ; 28⇥ 20 µas FWHM in 2017).

restoring beam, the I and P NRMSE values drop to 24.0% and 59.0% for the 2016 reconstruction and 19.8% and
61.9% for the 2017 image. The polarization position angle weighted error drops to 20.0� and 21.6� for the 2016 and
2017 images, respectively. Even with minimal baseline coverage, MEM is able to reconstruct a reasonably accurate
image when compared to the true image viewed at the same resolution.

The 2016 image of an M87 jet model (Fig. 9, bottom panel) gave NRMSE values of 55.61% for Stokes I and 77.34%
for Stokes P , with a weighted angular error of 23.5�. In 2017, the NRMSE values were 36.71% for Stokes I and 54.40%
for P , with an angular error of 17.9�. When we instead compare the reconstructions to the model image smoothed to
the same resolution as the restoring beam, the I and P NRMSE values drop to 21.3% and 34.5% for the 2016 image
and 18.3% and 27.7% for the 2017 image, while the polarization position angle weighted error drops to 21.6� and 14.8�

for the 2016 and 2017 images, respectively.

6. CONCLUSION

As the EHT opens up new, extreme environments to direct VLBI imaging, a renewed exploration of VLBI imaging
strategies is necessary for extracting physical signatures from challenging datasets. In this paper, we have shown
the e↵ectiveness of imaging linear polarization from VLBI data using extensions of the Maximum Entropy Method.
We explored extensions of MEM using previously proposed polarimetric regularizers like PNN and adaptations of
regularizers new to VLBI imaging like total variation. We furthermore adapted standard MEM to operate on robust
bispectrum and polarimetric ratio measurements instead of calibrated visibilities. MEM imaging of polarization can
provide increased resolution over CLEAN (Fig. 5) and is more adapted to continuous distributions, as are expected
for the black hole accretion disks and jets targeted by the Event Horizon Telescope. Furthermore, MEM imaging
algorithms can naturally incorporate both physical constraints on flux and polarization fraction as well as constraints
from prior information or expected source structure. Extending our code to run on data from connected-element
interferometers like ALMA is a logical next step, but it will require new methods to e�ciently handle large amount
of data and image pixels across a wide field of view. Polarimetric MEM is also a promising tool for synthesis imaging
of a diversity of other astrophysical systems typically observed with connected element interferometers. For example,
the polarized dust emission from protostellar cores frequently exhibits a smooth morphology (Girart et al. 2006; Hull
et al. 2013), so MEM may be better-suited to study both the large-scale magnetic-field morphologies and their small

Maximum Entropy Method (MEM)
Chael et al. 2016, Fish et al. 2014,  

Lu et al. 2014, 2016

CHIRP (Machine-learning)  
Bouman et al. 2016
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Sparse Modeling 
Akiyama et al. 2017a, 2017b 

Ikeda et al. 2016, Honma et al. 2014

https://github.com/achael/eht-imaging
https://github.com/astrosmili/smili
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Fiducial Images on Apr 11

EHT Collaboration 2019d, ApJL, 875, L4
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Fiducial Images on Apr 11

EHT Collaboration 2019d, ApJL, 875, L4



Stellar Mass: 6.2 x 109 Msun 
(Gebhardt et al. 2011)

4.84-

Gas Mass: 3.5 x 109 Msun 
(Walsh et al. 2013)

Black Hole: 5.2 Rs

Naked Singularity: 1 Rs 
(extremely spinning)

Black Hole: 4.84-5.2 Rs

A worm Hole: ~2.7 Rs

6.5 Billion Solar Mass Black Hole

EHT Collaboration 2019a, ApJL, 875, L1 (Paper I)



4.84-Black Hole: 5.2 Rs

Non GR Shadow

Credit: CK Chan

Deviation from the circle < within 10% 
No significant deviations from GR 

EHT Collaboration 2019f, ApJL, 875, L6 (Paper VI)
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https://xkcd.com/2135/


Kazu Akiyama, NEROC Symposium 2020, Online, 2020/11/17 (Tue)

EHT as a GR Metric Tester
Spherically symmetric space time around a non-spinning black hole

General 
Relativity 

(Schwarzwild metric)

Parametrized Post-Newtonian (PPN) formalism

2nd order  
Deviation 

(2PN)

1st order 
Deviation 

(1PN)
Weak-field test: < ~10-5

The Diameter of the black hole shadow: sensitive to the 2nd order deviation

Psaltis et al. 2020, Physical Review Letters



Talk Title or Date, Time, Place 
Psaltis et al. 2020, Physical Review Letters

“EHT measurements of the size of a black hole leads to metric tests  
that are inaccessible to weak-field tests”
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EHT 2017 Images of M87*

50 µas

April 5 April 6 April 10 April 11
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EHT Collaboration 2019d, ApJL, 875, L4
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Multi-year EHT Observations

Wielgus et al. 2020, ApJ

©Nature
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First M87 Results: Where are we now?
 - Einstein’s GR has passed a new test at an extremely strong gravitational field

 - An AGN and associated jet are powered by a supermassive black hole

 - The strongest evidence for the presence of a supermassive black hole 

 - The M87 central black hole is most likely spinning

 - The stellar dynamical mass is correct (6.5 billion masses)

 - Day-to-day & Multi-year variations on horizon scale

Dawn of a New Era of Black Hole Astrophysics
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M87 Polarimetry: Coming Soon

Akiyama et al. 2017, Chael et al. 2016

Model (Convolved) EHT 2017Model (Original)
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First Horizon-scale Imaging of Sgr A*: Coming soon

Model: Broderick & Loeb 2006, Imaging simulation: Kotaro Moriyama

EHT 2017 SimulationModel

RML Video Reconstruction (3D Imaging)
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EHT 2020s: Deeper, Shaper & Multi-frequency Images

Simulations: Andrew Chael, Imaging: Kazu Akiyama

230 GHz 
EHT2017+GLT

230+345 GHz 
EHT2017+GLT+KP+NOEMA+OVRO

Further new capabilities: Faraday Rotation Imaging (5 Dimensional Imaging) 
Active developments of Multi-scale, multi-dimensional imaging techniques
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EHT 2020s: Tracking Evolving Features

Simulations: Charles Gammie, George Wong et al., Imaging: Michael Johnson

Regular monitoring observation capabilities on weekly scales
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EHT2020: Spatially Resolved Time-domain Signature of Echos

Direct component

1st gravitational 
echos

Stacked profile of correlated flux

See Kotaro Moriyama (MIT)’s Poster
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EHT 2020s: Precision Black Hole Astrophysics

Viewing Geometry?
Mass ? Spin ? Accretion flow types?

M87 Sgr A*

https://www.youtube.com/watch?v=0ymmnHlnDVY

https://www.youtube.com/watch?v=0ymmnHlnDVY
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EHT 2020s: Precision Black Hole Astrophysics

Doodle or Fried Chicken

https://barkpost.com/humor/doodle-or-fried-chicken-twitter/

Are black hole images confusing for scientists and/or AI?

https://barkpost.com/humor/doodle-or-fried-chicken-twitter/
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EHT 2020s: Precision Black Hole Astrophysics

Van der Gucht et al. 2019

Current forecast: Horizon-scale images are much less confusing!

Ven der Gucht+, Yao-Yu Lin+, Sun & Bouman+
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next generation Event Horizon Telescope

Phase I: 2019-2023 (Array Design Phase + MIT Haystack as a potential new site) 
Phase II: 2023- (Constructions of several new sites)
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M87 ngEHT images: ~10 years from now

Blackburn et al. 2019; Doeleman et al. 2019 (Astro2020 Decadal Survey White Papers)



Thanks for listening!


