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Taking a picture of a black hole:  

computational imaging taken to an extreme
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The black hole story, told in 
the style of Rosencrantz and 
Guildenstern are Dead


Many slides courtesy of Event Horizon 
Telescope Imaging Working Group, and 
Katie Bouman
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Shep Doleman
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MIT’s Haystack Observatory, Westborough, MA
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In the shadow of a black hole
1:13 - 3:50  or 5:05.

https://www.almaobservatory.org/en/press-releases/astronomers-capture-first-image-of-a-
black-hole/



https://www.almaobservatory.org/wp-content/uploads/2019/04/iywysyua.jpg



Year 2008 Hubble Telescope

(optical wavelength)

 NASA, ESA and the Hubble Heritage Team (STScI/AURA); Acknowledgment: P. Cote (Institute of Astrophysics) and E. Baltz (Stanford 
University) Herzberg 



This artist’s impression depicts the black hole at the heart of the enormous elliptical galaxy Messier 87 (M87). This 
black hole was chosen as the object of paradigm-shifting observations by the Event Horizon Telescope. The 
superheated material surrounding the black hole is shown, as is the relativistic jet launched by M87’s black hole. 
Credit: ESO/M. Kornmesser



Black Hole Simulation





θ = 1.22
λ
D

The Fourier Transform relationship between
the light amplitudes entering the aperture of the 
telescope and those focussed at the sensor 
impose a resolution limit on the image from an 
optical system.

Telescope size and resolution



https://www.researchgate.net/figure/A-picture-of-a-Comb-s-rect-s-sinc-s-Gaussian-m-s_fig1_307862015

θ = 1.22
λ
D

Predicted black hole mass:  3-6 Billion solar masses, 
55M light years away implying shadow size:  between 42 and 
20 micro arc seconds 

1.22
1.3mm

12.7 × 106m
= 25.7μarc seconds

measured wavelength

diameter of Earth

black hole photon 
capture radius:

Rc =
27GM
c2

The Fourier Transform relationship between
the light amplitudes entering the aperture of the 
telescope and those focussed at the sensor 
impose a resolution limit on the image from an 
optical system.

Telescope size and resolution



Earth Sized

Angular Resolution
WavelengthTelescope 

Size

How Big Must Our Telescope Be?

Simulation of M87 Ideal Image with 

Earth-Sized Telescope





“We run a double-slit interference experiment in reverse”  —Shep Doleman



VAN CITTERT-ZERNIKE THEOREM



The Event Horizon Telescope 
(EHT)

Very Long Baseline Interferometry



207 members, 59 institutes, 18 countries in Europe, Asia, Africa, North and 

 Imaging a Black Hole with the Event Horizon 
Telescope


 EHT Collaboration






The Event Horizon Telescope

https://www.almaobservatory.org/wp-content/uploads/2019/04/20190410n-en.jpg



FOURIER DOMAIN COVERAGE OF 
THE 4 NIGHTS OF OBSERVATIONS

Fourier domain

Because the image is real valued, the Fourier transform is Hermitian.
K telescopes gives K chose 2 baselines, or observed Fourier frequencies.
As the Earth rotates over a night, the projected baselines sweep out 
elliptical paths in Fourier space.



ICCV 2015 was in 
Santiago, Chile


Shep said we should go 
see the Alma radio 
telescopes in Atacama, 
and I arranged for a 
trip there, with 
Bernhard Scholkopf, 
Yoav Schechner, and 
Katie Bouman.
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https://www.almaobservatory.org/en/press-
releases/astronomers-capture-first-image-of-a-
black-hole/
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Timelapse videos from Bernhard, 
from Atacama, 2015
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https://youtu.be/O86mycdxtYM?t=12

https://youtu.be/8YOqdAooO9A
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Dec. 12, 2015
Below ALMA 
telescope array, 
Atacama, Chile
9,000 feet
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Yoav in pressurized car, 
going to 15,000 feet
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ALMA telescope array, 15,000 feet.    Atacama, Chile, 2015
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ALMA telescope array, 15,000 feet.    Atacama, Chile, 2015
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ALMA telescope array, 15,000 feet.    Atacama, Chile, 2015



39



40



Very Long Baseline 
Interferometry (VLBI)

Frequency 
Measurements
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Katie presenting EHT poster at CVPR 2016



Some of the image priors explored for 
Event Horizon Telescope black hole image 

reconstructions one has ever seen 

(what assumptions do you make about an image of something that 

no one has ever seen before?)

• Positivity:  the light intensity must be positive.

• Compactness:  The source has a finite size

• Image entropy (maximize entropy, consistent 

with the observations)

• Image smoothness

• Image sparsity in the pixel, or gradient, 

domains
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Katie and EHT team members at radio telescope in Mexico, April 2, 2017



Observations April 5-11, 2017
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All sites were technically ready and with good weather on the first 
night of the observing window. Observations were triggered on 2017 
April 5, 6, 7, 10, and 11. Table 1 shows the median zenith sky 
opacities for each of the triggered days. April 8 was not triggered 
due to thunderstorms at the LMT, SMT shutdown due to strong 
winds, and the need to run technical tests at ALMA. April 9 was not 
triggered due to a chance of the SMT remaining closed due to strong 
winds and LMT snow forecast. Weather was good to excellent for all 
other stations throughout the observing window. 

…

Observations from the EHT’s 2017 April campaign are the first ever to 
have the necessary sensitivity, coverage, and resolution for horizon-
scale imaging of black hole candidates M87 and SgrA*. 

The Astrophysical Journal Letters, 875:L3 (32pp), 2019 April 10    The EHT Collaboration et al. 



2nd way the EHT got lucky
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For M87, the expected shadow diameter is 19–38μas. 

….
We present the first Event Horizon Telescope (EHT) images of 
M87, using observations from April 2017 at 1.3 mm 
wavelength. These images show a prominent ring with a 
diameter of ∼40 μas, 

The Astrophysical Journal Letters, 875:L4 , 2019 April 10    The EHT Collaboration et al. 



Katie with some of the data
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Extracting the Black Hole’s Weak 
Signal 

digital

recorder

digital

recorder

digital

recorder

Calibration

The black hole’s light arrives at the telescopes

and is digitized as two-bit data streams. 

Petabytes of raw data are saved onto


 hundreds of hard disks.

The correlator is a special-purpose 
supercomputer that combines data from the 

telescopes, to recover measurements that 
would be seen from an Earth-size telescope.

Calibration algorithms find the 
weak signals hiding in the 

correlator output, and more 
prescisely tune the data to 
extract a stronger signal.

EHT correlator

hardrive

hardrive
hardrive

hardrive
hardrive

hardrive

hardrive
hardrive

hardrive
hardrive

hard disks

Lindy Blackburn

Maciek 

Wielgus

Sara 

Issaoun

Michael

Janssen

½ PB Data

350 Tbytes / day of data…

           Correlating all the data, processing checking, writing, took 2 years!



The Event Horizon Telescope



The Event Horizon Telescope



The Event Horizon Telescope

Lo-band eht-imaging on April 11: slowly 
building up data



Team 1 – End of the First Day of 
Imaging M87

(mention my contribution)



The Event Horizon Telescope

EHT Imaging Working Group



The Event Horizon Telescope

The dangers of false confidence and collective confirmation bias are magnified for the 
EHT because the array has fewer sites than typical VLBI arrays, there are no previous 
VLBI images of any source at 1.3 mm wavelength, and there are no comparable black 
hole images on event-horizon scales at any wavelength.

We subdivided our first M87 imaging efforts into four separate imaging teams. The teams 
were blind to each others' work, prohibited from discussing their imaging results and even 
from discussing aspects of the data that might influence imaging (e.g., which stations or 
data might be of poor quality).



The Event Horizon Telescope

Region:  
   Global 
   (MIT Haystack, Radboud U, NAOJ)

Region:  
    The Americas 
    (SAO, UoA, U.Concepcion) 

Region:  
    Cross-Atlantic

    (MPIfR, Boston U, IAA, 
Aalto)

Region:  
    East Asia (ASIAA, KASI, 
NAOJ)

Team 1

Team 2 Team 3

Team 4The Imaging WG was divided 
into four independent teams

Each team blindly 
reconstructed images


Goal: Assess human bias

Imaging Stage 1/2: Blind Imaging 
Comparisons 



The Event Horizon Telescope

The First EHT Images of M87

July 24, 2018

Region:  
   Global 
   (MIT Haystack, Radboud U, NAOJ)

Region:  
    The Americas 
    (SAO, UoA, U.Concepcion) 

Region:  
    Cross-Atlantic

    (MPIfR, Boston U, IAA, Aalto)

Region:  
    East Asia (ASIAA, KASI, 
NAOJ)

Team 1

Team 2 Team 3

Team 4

Each team blindly 
reconstructed images


Goal: Assess human bias



The Event Horizon Telescope

The First EHT Images of M87

July 24, 2018

Region:  
   Global 
   (MIT Haystack, Radboud U, 
NAOJ)

Region:  
    The Americas 
    (SAO, UoA, U.Concepcion) 

Region:  
    Cross-Atlantic

    (MPIfR, Boston U, 
IAA,Aalto)

Region:  
    East Asia (ASIAA, KASI, 
NAOJ)

Team 1

Team 2 Team 3

Team 4

2nd EHT Imaging Workshop



The Event Horizon Telescope

Imaging Stage 2/2: Imaging Parameter Survey

Imaging algorithms were tested on a suite of synthetic datasets


Goal: Optimize imaging algorithms with objective performance assessment



The Event Horizon Telescope

Imaging Stage 2/2: Imaging Parameter Survey



The Event Horizon Telescope



The Event Horizon Telescope



The Event Horizon Telescope



The Event Horizon Telescope

Fiducial images for all 
four days and three 
scripts

• Best images out of 1008, 
37500, and 10800 images 
surveyed by the Difmap, eht-
library, and SMILI scripts, 
respectively


• All images from the four 
different observing days show 
the asymmetric ring structure 
corresponding to the black 
hole shadow



The Event Horizon Telescope

Fiducial images of M87 for April 11 restored 
to an equivalent resolution show 

remarkably similar structure



The Event Horizon Telescope

Comparison of reconstructions, in the Fourier domain
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My friend, Carl

“No, it won’t be on the front page of every 
newspaper because the image is just too blurry”
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The Black Hole Shadow in M 87
Cover Pages
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New York Times The Atlantic
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Katie speaking 
at MIT
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Katie speaking 
at MIT



93CSAIL 32-123
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Katie speaking 
at Stanford



95

Katie’s audience 
at Stanford



Katie speaking at CSAIL’s annual gala at ICA, April 27, 2019
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Franny, Bill, Katie, Joe at ICA



next:  SgrA*

• The EHT team is processing the data from the 
black hole at the center of our galaxy


• Much less massive (4M vs 6.5B solar masses), 
and therefore faster dynamics than M87*
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SgrA*
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SgrA*

100


