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Sagittarius A* (Sgr A*): Black Hole at the Center of the Milky Way
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Over 300 Scientists from 80 institutes in countries spanning
Europe, Asia, Africa, North and South America

(along with ~23K Community Contributors from Open-Source Projects)

The Event Horizon Telescope Collaboration



Where Next?

Recovering 3D DynamicsData Driven Priors

score-based prior



Where Next?

Recovering 3D Dynamics
Data Driven Priors

score-based prior

Dark Matter Tomography
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How Big Must Our Telescope Be?

20 µas
1.3 mm

13 million meters

Black Hole Simulation Ideal Image with 
Earth-Sized Telescope



Very Long Baseline Interferometry - VLBI

The Event Horizon Telescope (EHT)



Black Hole Image Frequency Measurements
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Frequency Measurements
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The Event Horizon Telescope (EHT)
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Frequency Measurements

The Event Horizon Telescope (EHT)

East West Frequency (u)
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Measurements

Solving for the Black Hole Image
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ALGORITHM
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Find an image that is both :
consistent with the data & looks like an image

Solving for the Black Hole Image
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Solving for the Black Hole Image



ÎMAP = argmaxI [logP (D|I) + logP (I)]x̂

Regularized Maximum Likelihood

= argmaxx [log p(x|y)]
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Best Image
image measurements



Regularized Maximum Likelihood

Best Image

Likelihood                          Prior  

ÎMAP = argmaxI [logP (D|I) + logP (I)]

= argmaxx [log p(y|x) + log p(x)]

x̂ = argmaxx [log p(x|y)]
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image measurements

Bayes Rule



Best Image

Likelihood                          Prior  

ÎMAP = argmaxI [logP (D|I) + logP (I)]

= argmaxx [log p(y|x) + log p(x)]

x̂

Regularized Maximum Likelihood

= argmaxx [log p(x|y)]
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image measurements



Imaging Pipelines

DIFMAP 
CLEAN + Self Calibration

eht-imaging
Regularized Max Likelihood

SMILI
Regularized Max Likelihood

Systematic Error
Scattering Prescription
Variability Model
Time Averaging
ALMA Weight
Mask Diameter
Data Weights

Systematic Error
Scattering Prescription
Variability Model
Data Weight
Regularizes

MEM
TV
TSV
L1

Systematic Error
Scattering Prescription
Variability Model
Regularizes

TV
TSV
L1

174,720 Imaging Hyper-parameters Surveyed 





“The Event Horizon Telescope Sgr A∗ data show compelling evidence 
for an image that is dominated by a bright ring of emission” 



Predicted ShadowEHT Shadow

Slide Credit: Michael Johnson

Ring size perfectly agrees with prior observations & theory!



Sagittarius A* (Sgr A*) M87*

Why are the images so blurry?

4 million solar masses 6.5 billion solar masses







To increase spatial resolution (e.g., lower angular resolution) ….
….we would have to go to space 

How to increase spatial resolution? 

wavelength
angular resolution

telescope size



Increasingly Strong Assumptions

“Prior-free” Video Reconstruction

Event Horizon Telescope Collaboration, 2022

Image Reconstruction by 
Assuming Weak Image Structure



Where Next?

Levis*, Srinivasan*, et al, CVPR, 2022
Levis, et al, Nature Astronomy, 2024

Increasingly Strong Assumptions

Evolving Volume Reconstruction 
by Assuming General Relativity

Feng, et al, ICCV, 2023

Wu, et al, 2024 (in submission)

score-based prior

“Prior-free” Video Reconstruction

Event Horizon Telescope Collaboration, 2022

Image Reconstruction by 
Assuming Weak Image Structure

Image Reconstruction by 
Assuming Data Driven Priors

Feng, et al, ApJ, 2023 (in submission)
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Increasingly Strong Assumptions

“Prior-free” Video Reconstruction



m
odel-fitting40 𝜇as

Increasingly Strong Assumptionstr
ad

iti
on

al
 im

ag
in

g



40 𝜇as

generic natural images

data-driven prior

Black Hole Simulations
Simplified Black Hole 

Simulations

Increasingly Strong Assumptions

Berthy Feng
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Brightness Temperature [109 K]

Celeb A Prior

Bill Freeman



𝑥! 𝑥" 𝑥# 𝑥$%" 𝑥$𝑥&

𝑑𝑥& = 𝑓 𝑡 𝑥& + 𝑔 𝑡 𝑑𝑤&Forward Noising Process:

Image credit: Yang Song

Diffusion Model

𝑑𝑥& = 𝑓 𝑡 𝑥& + 𝑔 𝑡 #∇ log 𝑝& 𝑥& + 𝑔 𝑡 𝑑𝑤&

Reverse Denoising Process:



𝑑𝑥! = 𝑓 𝑡 𝑥! + 𝑔 𝑡 "∇ log 𝑝! 𝑥! + 𝑔 𝑡 𝑑𝑤!

Unconditional reverse diffusion

𝑑𝑥! = 𝑓 𝑡 𝑥! + 𝑔 𝑡 "∇ log 𝑝! 𝑥!|𝑦 + 𝑔 𝑡 𝑑𝑤!

Conditional reverse diffusion

𝑑𝑥! = 𝑓 𝑡 𝑥! + 𝑔 𝑡 "∇ log 𝑝! 𝑥! + 𝑔 𝑡 "∇ log 𝑝! 𝑦|𝑥! + 𝑔 𝑡 𝑑𝑤!
Unconditional score

Pre-trained diffusion models

Likelihood at time t

Intractable in general

Bayes rule

Conditional Diffusion Models



Plug-and-Play Diffusion Models (PnP-DM)

Zihui (Ray) Wu Yu Sun Yifan Chen Bingliang Zhang Yisong Yue



𝑝 𝑦 𝑥 𝑝 𝑥𝑝 𝑥 𝑦 ∝

Sample the Bayesian Posterior 

exp(log 𝑝 𝑦 𝑧 + log 𝑝 𝑥 −
1
2 𝜌!

𝑥 − 𝑧 !
! )

image measurements



Sample the Bayesian Posterior

exp(log 𝑝 𝑦 𝑧 + log 𝑝 𝑥 −
1
2 𝜌!

𝑥 − 𝑧 !
! )

= exp(log 𝑝(𝑦|𝑥)) exp(log 𝑝(𝑥))
Combining the exponents 

𝑝 𝑦 𝑥 𝑝 𝑥𝑝 𝑥 𝑦 ∝

= exp( log 𝑝 𝑦 𝑥 + log 𝑝 𝑥 )



Split Gibbs Sampler (SGS) [Vono, et al, 2019]

exp( log 𝑝 𝑦 𝑧 + log 𝑝 𝑥 − "
# '2 𝑥 − 𝑧 #

# )

= exp(log 𝑝(𝑦|𝑥)) exp(log 𝑝(𝑥))

= exp( log 𝑝 𝑦 𝑥 + log 𝑝 𝑥 )
Introduce z

𝑝 𝑦 𝑥 𝑝 𝑥𝑝 𝑥 𝑦 ∝

as 𝜌 → 0=



Split Gibbs Sampler (SGS) [Vono, et al, 2019]

exp( log 𝑝 𝑦 𝑧 + log 𝑝 𝑥 − "
# '2 𝑥 − 𝑧 #

# )𝑝 𝑥 𝑦 ∝ as 𝜌 → 0

Likelihood Step: fix 𝑥 , sample 𝑧

Prior Step: fix 𝑧 , sample 𝑥

Alternate Between 2 Steps: 



Split Gibbs Sampler (SGS) [Vono, et al, 2019]

exp( log 𝑝 𝑦 𝑧 + log 𝑝 𝑥 − "
# '2 𝑥 − 𝑧 #

# )𝑝 𝑥 𝑦 ∝ as 𝜌 → 0

Likelihood Step: fix 𝑥 , sample 𝑧

Prior Step: fix 𝑧 , sample 𝑥

Alternate Between 2 Steps: 

constant



exp( log 𝑝 𝑦 𝑧 + log 𝑝 𝑥 − "
# '2 𝑥 − 𝑧 #

# )log 𝑝 𝑦 𝑧 +

Split Gibbs Sampler (SGS) : the Prior Step

𝑝 𝑥 𝑦 ∝ as 𝜌 → 0

Likelihood Step: fix 𝑥 , sample 𝑧

Prior Step: fix 𝑧 , sample 𝑥

Alternate Between 2 Steps: 

constant

exp(



exp( log 𝑝 𝑦 𝑧 + log 𝑝 𝑥 − "
# '2 𝑥 − 𝑧 #

# )

Split Gibbs Sampler (SGS) : the Prior Step

Prior Step: fix 𝑧 , sample 𝑥

exp(

Equivalent to sampling the posterior in a denoising problem
with measurement 𝑧 and noise standard deviation of 𝜌!

prior denoising
measurement
likelihood



General reverse diffusion under EDM

start from     at 
noise level
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EDM Diffusion Model Rigorously Solves Prior Step



General reverse diffusion under EDM

start from     at 
noise level
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<latexit sha1_base64="sBj+TSlLsNgEnD37EqwoK1lVsng=">AAACWnicbZHLTgIxFIbLeAW8gLpzM5GQuCIzxqArY3TjEhO5JEDImVKg0svYnlEJ4R3c6puZ+DCWy0KQkzT5+/3nJD1/o1hwi0HwnfI2Nre2d3bTmeze/sFhLn9UszoxlFWpFto0IrBMcMWqyFGwRmwYyEiwejS8n/r1V2Ys1+oJRzFrS+gr3uMU0KFaywx0J+jkCkEpmJX/X4QLUSCLqnTyqZtWV9NEMoVUgLXNMIixPQaDnAo2ybQSy2KgQ+izppMKJLPt8ey5E7/oSNfvaeOOQn9G/06MQVo7kpHrlIADu+pN4VqPvSgwBkZrzUhOlu+rQCYCudFvyxQhSgSY90mmuLQU9q7bY67iBJGr/nypXiJ81P40Z7/LDaMoRk4ANdzl4tMBGKDofiPjEg9X8/0vahelsFwqP14Wbu8W2e+SU3JGzklIrsgteSAVUiWUPJMP8km+Uj+e56W97LzVSy1mjslSeSe/x5y3Jw==</latexit>⇢0

<latexit sha1_base64="yUaUGcgyBrYXq2OzPfQU8YanOek="></latexit>

p(x; ⇢0)
<latexit sha1_base64="609kU/Wnj8DN6ateDJS2+5DBKAc=">AAACXXicbZHNTgIxFIXLKP4gKujChZuJhAQ3ZMYYdGWIblxqIoIBQu6Ugo1tZ2zvKGQyT+FWH8yVr2JBFvJzkyan37k36T0NIsENet53xllbz25sbm3ndvK7e/uF4sGjCWNNWYOGItStAAwTXLEGchSsFWkGMhCsGbzcTPzmG9OGh+oBxxHrShgqPuAU0KKnqNIJZDJKT3uFklf1puUuC38mSmRWd71i5qrTD2ksmUIqwJi270XYTUAjp4KluU5sWAT0BYasbaUCyUw3mb44dcuW9N1BqO1R6E7p/4kEpDFjGdhOCfhsFr0JXOmxVwVaw3ilGch0/r4IZCyQ6/B9niIEsQA9SnPluaVwcNlNuIpiRK6Gf0sNYuFi6E6idvtcM4pibAVQzW0uLn0GDRTth+Rs4v5ivsvi8azq16q1+/NS/XqW/RY5JiekQnxyQerkltyRBqFEkg/ySb4yP07WyTt7f61OZjZzSObKOfoFfbu4bQ==</latexit>

p(x)

General reverse diffusion under EDM

start from     at 
noise level

<latexit sha1_base64="j6fqKXB3waq6DblVi6pU/QcAmDQ=">AAACXHicbZHLTgIxFIbLiIogCpq4cTORkLgiM8agK0N04xITuSSA5Ewp0NB2xvaMSggv4VZfzI3PYrks5HKSJn+//5yk528QCW7Q834Szk5yd28/dZDOHGaPjnP5k7oJY01ZjYYi1M0ADBNcsRpyFKwZaQYyEKwRjB5mfuONacND9YzjiHUkDBTvcwpoURNf2mCw63dzBa/kzcvdFP5SFMiyqt184q7dC2ksmUIqwJiW70XYmYBGTgWbptuxYRHQEQxYy0oFkpnOZP7gqVu0pOf2Q22PQndO/09MQBozloHtlIBDs+7N4FaPvSrQGsZbzUBOV+/rQMYCuQ7fVylCEAvQH9N0cWUp7N92JlxFMSJXg8VS/Vi4GLqzpN0e14yiGFsBVHObi0uHoIGi/Y+0Tdxfz3dT1K9KfrlUfrouVO6X2afIObkgl8QnN6RCHkmV1AglgnySL/Kd+HWSTsbJLlqdxHLmlKyUc/YHr2u4DQ==</latexit>

t⇤1
<latexit sha1_base64="jcienvTXVGvoS+Z8tSeXHiRLSwo=">AAACWnicbZHLSgMxFIbT8VanXlp152awCK7KjEh1JUU3LhVsFdpSzqRpG81lTM6oZZh3cKtvJvgwprULWz0Q+PP950DOnzgR3GIYfha8peWV1bXiul/a2NzaLld2WlanhrIm1UKb+xgsE1yxJnIU7D4xDGQs2F38eDnx756ZsVyrWxwnrCthqPiAU0CHWh0z0r2oV66GtXBawV8RzUSVzOq6Vymcd/qappIppAKsbUdhgt0MDHIqWO53UssSoI8wZG0nFUhmu9n0uXlw6Eg/GGjjjsJgSn9PZCCtHcvYdUrAkV30JvBfjz0pMAbG/5qxzOfvi0CmArnRL/MUIU4FmNfcP5xbCgdn3YyrJEXkaviz1CAVAepgknPQ54ZRFGMngBrucgnoCAxQdL/hu8SjxXz/itZxLarX6jcn1cbFLPsi2ScH5IhE5JQ0yBW5Jk1CyQN5I+/ko/Dled66V/pp9QqzmV0yV97eN8mNtyg=</latexit>⇢1

<latexit sha1_base64="sHvh5VBhUwFN6JcDBHLvNn1KPrA="></latexit>

p(x; ⇢1)
<latexit sha1_base64="609kU/Wnj8DN6ateDJS2+5DBKAc=">AAACXXicbZHNTgIxFIXLKP4gKujChZuJhAQ3ZMYYdGWIblxqIoIBQu6Ugo1tZ2zvKGQyT+FWH8yVr2JBFvJzkyan37k36T0NIsENet53xllbz25sbm3ndvK7e/uF4sGjCWNNWYOGItStAAwTXLEGchSsFWkGMhCsGbzcTPzmG9OGh+oBxxHrShgqPuAU0KKnqNIJZDJKT3uFklf1puUuC38mSmRWd71i5qrTD2ksmUIqwJi270XYTUAjp4KluU5sWAT0BYasbaUCyUw3mb44dcuW9N1BqO1R6E7p/4kEpDFjGdhOCfhsFr0JXOmxVwVaw3ilGch0/r4IZCyQ6/B9niIEsQA9SnPluaVwcNlNuIpiRK6Gf0sNYuFi6E6idvtcM4pibAVQzW0uLn0GDRTth+Rs4v5ivsvi8azq16q1+/NS/XqW/RY5JiekQnxyQerkltyRBqFEkg/ySb4yP07WyTt7f61OZjZzSObKOfoFfbu4bQ==</latexit>

p(x)

Observation Denoising posterior samples Observation Denoising posterior samples

EDM Diffusion Model Rigorously Solves Prior Step

Large     à nearly image generation Small    à image denoising
<latexit sha1_base64="hT/a3jwhtcfTUwUwzdys8z0MeDo=">AAACWHicbZHLTgJBEEWL8QHiC3DpZiIxcUVmjEFXhujGpSaCJkJMTdNAh36M3TUqIfyCW/01/RoHmIUglXRy+9yqpOt2FEvhKAi+c97a+sZmvrBV3N7Z3dsvlSstZxLLeJMZaexjhI5LoXmTBEn+GFuOKpL8IRpeT/2HV26dMPqeRjHvKOxr0RMMaYradmCeS9WgFszK/y/CTFQhq9vncu6y3TUsUVwTk+jcUxjE1BmjJcEknxTbieMxsiH2+VMqNSruOuPZYyf+cUq6fs/Y9GjyZ/TvxBiVcyMVpZ0KaeCWvSlc6fEXjdbiaKUZqcnifRmoRJKw5m2REkaJRPs+KR4vLEW9i85Y6DghEro/X6qXSJ+MP03Z7wrLGclRKpBZkebiswFaZJT+RTFNPFzO979ondbCeq1+d1ZtXGXZF+AQjuAEQjiHBtzALTSBwQA+4BO+cj8eeHlva97q5bKZA1gor/ILY5W2hA==</latexit>⇢ <latexit sha1_base64="hT/a3jwhtcfTUwUwzdys8z0MeDo=">AAACWHicbZHLTgJBEEWL8QHiC3DpZiIxcUVmjEFXhujGpSaCJkJMTdNAh36M3TUqIfyCW/01/RoHmIUglXRy+9yqpOt2FEvhKAi+c97a+sZmvrBV3N7Z3dsvlSstZxLLeJMZaexjhI5LoXmTBEn+GFuOKpL8IRpeT/2HV26dMPqeRjHvKOxr0RMMaYradmCeS9WgFszK/y/CTFQhq9vncu6y3TUsUVwTk+jcUxjE1BmjJcEknxTbieMxsiH2+VMqNSruOuPZYyf+cUq6fs/Y9GjyZ/TvxBiVcyMVpZ0KaeCWvSlc6fEXjdbiaKUZqcnifRmoRJKw5m2REkaJRPs+KR4vLEW9i85Y6DghEro/X6qXSJ+MP03Z7wrLGclRKpBZkebiswFaZJT+RTFNPFzO979ondbCeq1+d1ZtXGXZF+AQjuAEQjiHBtzALTSBwQA+4BO+cj8eeHlva97q5bKZA1gor/ILY5W2hA==</latexit>⇢



iteration 0 iteration 1 iteration K-1

General reverse diffusion under EDM Likelihood step: enforcing 
data-consistency

Annealing schedule

General reverse diffusion under EDM

Prior step: denoising with  
noise level 

start from     at 
noise level

start from     at 
noise level

<latexit sha1_base64="fBIXyKhIbKLps0RTBlo586BOrMw=">AAACXHicbZHLTgIxFIbLiIogCpq4cTORkLgiM8agK0N04xITuSSA5Ewp0NB2xvaMSggv4VZfzI3PYrks5HKSJn+//5yk528QCW7Q834Szk5yd28/dZDOHGaPjnP5k7oJY01ZjYYi1M0ADBNcsRpyFKwZaQYyEKwRjB5mfuONacND9YzjiHUkDBTvcwpoURNf2mCw63VzBa/kzcvdFP5SFMiyqt184q7dC2ksmUIqwJiW70XYmYBGTgWbptuxYRHQEQxYy0oFkpnOZP7gqVu0pOf2Q22PQndO/09MQBozloHtlIBDs+7N4FaPvSrQGsZbzUBOV+/rQMYCuQ7fVylCEAvQH9N0cWUp7N92JlxFMSJXg8VS/Vi4GLqzpN0e14yiGFsBVHObi0uHoIGi/Y+0Tdxfz3dT1K9KfrlUfrouVO6X2afIObkgl8QnN6RCHkmV1AglgnySL/Kd+HWSTsbJLlqdxHLmlKyUc/YHrXq4DA==</latexit>

t⇤0
<latexit sha1_base64="j6fqKXB3waq6DblVi6pU/QcAmDQ=">AAACXHicbZHLTgIxFIbLiIogCpq4cTORkLgiM8agK0N04xITuSSA5Ewp0NB2xvaMSggv4VZfzI3PYrks5HKSJn+//5yk528QCW7Q834Szk5yd28/dZDOHGaPjnP5k7oJY01ZjYYi1M0ADBNcsRpyFKwZaQYyEKwRjB5mfuONacND9YzjiHUkDBTvcwpoURNf2mCw63dzBa/kzcvdFP5SFMiyqt184q7dC2ksmUIqwJiW70XYmYBGTgWbptuxYRHQEQxYy0oFkpnOZP7gqVu0pOf2Q22PQndO/09MQBozloHtlIBDs+7N4FaPvSrQGsZbzUBOV+/rQMYCuQ7fVylCEAvQH9N0cWUp7N92JlxFMSJXg8VS/Vi4GLqzpN0e14yiGFsBVHObi0uHoIGi/Y+0Tdxfz3dT1K9KfrlUfrouVO6X2afIObkgl8QnN6RCHkmV1AglgnySL/Kd+HWSTsbJLlqdxHLmlKyUc/YHr2u4DQ==</latexit>

t⇤1
<latexit sha1_base64="jcienvTXVGvoS+Z8tSeXHiRLSwo=">AAACWnicbZHLSgMxFIbT8VanXlp152awCK7KjEh1JUU3LhVsFdpSzqRpG81lTM6oZZh3cKtvJvgwprULWz0Q+PP950DOnzgR3GIYfha8peWV1bXiul/a2NzaLld2WlanhrIm1UKb+xgsE1yxJnIU7D4xDGQs2F38eDnx756ZsVyrWxwnrCthqPiAU0CHWh0z0r2oV66GtXBawV8RzUSVzOq6Vymcd/qappIppAKsbUdhgt0MDHIqWO53UssSoI8wZG0nFUhmu9n0uXlw6Eg/GGjjjsJgSn9PZCCtHcvYdUrAkV30JvBfjz0pMAbG/5qxzOfvi0CmArnRL/MUIU4FmNfcP5xbCgdn3YyrJEXkaviz1CAVAepgknPQ54ZRFGMngBrucgnoCAxQdL/hu8SjxXz/itZxLarX6jcn1cbFLPsi2ScH5IhE5JQ0yBW5Jk1CyQN5I+/ko/Dled66V/pp9QqzmV0yV97eN8mNtyg=</latexit>⇢1

<latexit sha1_base64="sBj+TSlLsNgEnD37EqwoK1lVsng=">AAACWnicbZHLTgIxFIbLeAW8gLpzM5GQuCIzxqArY3TjEhO5JEDImVKg0svYnlEJ4R3c6puZ+DCWy0KQkzT5+/3nJD1/o1hwi0HwnfI2Nre2d3bTmeze/sFhLn9UszoxlFWpFto0IrBMcMWqyFGwRmwYyEiwejS8n/r1V2Ys1+oJRzFrS+gr3uMU0KFaywx0J+jkCkEpmJX/X4QLUSCLqnTyqZtWV9NEMoVUgLXNMIixPQaDnAo2ybQSy2KgQ+izppMKJLPt8ey5E7/oSNfvaeOOQn9G/06MQVo7kpHrlIADu+pN4VqPvSgwBkZrzUhOlu+rQCYCudFvyxQhSgSY90mmuLQU9q7bY67iBJGr/nypXiJ81P40Z7/LDaMoRk4ANdzl4tMBGKDofiPjEg9X8/0vahelsFwqP14Wbu8W2e+SU3JGzklIrsgteSAVUiWUPJMP8km+Uj+e56W97LzVSy1mjslSeSe/x5y3Jw==</latexit>⇢0
<latexit sha1_base64="cFYBExcrtj+IiJNgMpXIJt9aeMA=">AAACWnicbZHLSgMxFIbT8T7eWnXnZrAIrsqMSHUlRTcuFWwr2FLOpGkbm8uYnFGHMu/gVt9M8GFMaxe29kDgz/efAzl/4kRwi2H4VfCWlldW19Y3/M2t7Z3dYmmvYXVqKKtTLbR5iMEywRWrI0fBHhLDQMaCNePh9dhvvjBjuVb3mCWsLaGveI9TQIcaLTPQnWGnWA4r4aSC/yKaijKZ1m2nVLhsdTVNJVNIBVj7GIUJtkdgkFPBcr+VWpYAHUKfPTqpQDLbHk2emwfHjnSDnjbuKAwm9O/ECKS1mYxdpwQc2HlvDBd67FmBMZAtNGOZz97ngUwFcqNfZylCnAowb7l/PLMU9i7aI66SFJGr/u9SvVQEqINxzkGXG0ZRZE4ANdzlEtABGKDofsN3iUfz+f4XjdNKVK1U787Ktatp9uvkkByRExKRc1IjN+SW1AklT+SdfJDPwrfneRve5m+rV5jO7JOZ8g5+ADo2t2I=</latexit>⇢k

<latexit sha1_base64="sHvh5VBhUwFN6JcDBHLvNn1KPrA="></latexit>

p(x; ⇢1)
<latexit sha1_base64="yUaUGcgyBrYXq2OzPfQU8YanOek="></latexit>

p(x; ⇢0)
<latexit sha1_base64="609kU/Wnj8DN6ateDJS2+5DBKAc=">AAACXXicbZHNTgIxFIXLKP4gKujChZuJhAQ3ZMYYdGWIblxqIoIBQu6Ugo1tZ2zvKGQyT+FWH8yVr2JBFvJzkyan37k36T0NIsENet53xllbz25sbm3ndvK7e/uF4sGjCWNNWYOGItStAAwTXLEGchSsFWkGMhCsGbzcTPzmG9OGh+oBxxHrShgqPuAU0KKnqNIJZDJKT3uFklf1puUuC38mSmRWd71i5qrTD2ksmUIqwJi270XYTUAjp4KluU5sWAT0BYasbaUCyUw3mb44dcuW9N1BqO1R6E7p/4kEpDFjGdhOCfhsFr0JXOmxVwVaw3ilGch0/r4IZCyQ6/B9niIEsQA9SnPluaVwcNlNuIpiRK6Gf0sNYuFi6E6idvtcM4pibAVQzW0uLn0GDRTth+Rs4v5ivsvi8azq16q1+/NS/XqW/RY5JiekQnxyQerkltyRBqFEkg/ySb4yP07WyTt7f61OZjZzSObKOfoFfbu4bQ==</latexit>

p(x)
<latexit sha1_base64="609kU/Wnj8DN6ateDJS2+5DBKAc=">AAACXXicbZHNTgIxFIXLKP4gKujChZuJhAQ3ZMYYdGWIblxqIoIBQu6Ugo1tZ2zvKGQyT+FWH8yVr2JBFvJzkyan37k36T0NIsENet53xllbz25sbm3ndvK7e/uF4sGjCWNNWYOGItStAAwTXLEGchSsFWkGMhCsGbzcTPzmG9OGh+oBxxHrShgqPuAU0KKnqNIJZDJKT3uFklf1puUuC38mSmRWd71i5qrTD2ksmUIqwJi270XYTUAjp4KluU5sWAT0BYasbaUCyUw3mb44dcuW9N1BqO1R6E7p/4kEpDFjGdhOCfhsFr0JXOmxVwVaw3ilGch0/r4IZCyQ6/B9niIEsQA9SnPluaVwcNlNuIpiRK6Gf0sNYuFi6E6idvtcM4pibAVQzW0uLn0GDRTth+Rs4v5ivsvi8azq16q1+/NS/XqW/RY5JiekQnxyQerkltyRBqFEkg/ySb4yP07WyTt7f61OZjZzSObKOfoFfbu4bQ==</latexit>

p(x)

<latexit sha1_base64="sBj+TSlLsNgEnD37EqwoK1lVsng=">AAACWnicbZHLTgIxFIbLeAW8gLpzM5GQuCIzxqArY3TjEhO5JEDImVKg0svYnlEJ4R3c6puZ+DCWy0KQkzT5+/3nJD1/o1hwi0HwnfI2Nre2d3bTmeze/sFhLn9UszoxlFWpFto0IrBMcMWqyFGwRmwYyEiwejS8n/r1V2Ys1+oJRzFrS+gr3uMU0KFaywx0J+jkCkEpmJX/X4QLUSCLqnTyqZtWV9NEMoVUgLXNMIixPQaDnAo2ybQSy2KgQ+izppMKJLPt8ey5E7/oSNfvaeOOQn9G/06MQVo7kpHrlIADu+pN4VqPvSgwBkZrzUhOlu+rQCYCudFvyxQhSgSY90mmuLQU9q7bY67iBJGr/nypXiJ81P40Z7/LDaMoRk4ANdzl4tMBGKDofiPjEg9X8/0vahelsFwqP14Wbu8W2e+SU3JGzklIrsgteSAVUiWUPJMP8km+Uj+e56W97LzVSy1mjslSeSe/x5y3Jw==</latexit>⇢0
<latexit sha1_base64="sBj+TSlLsNgEnD37EqwoK1lVsng=">AAACWnicbZHLTgIxFIbLeAW8gLpzM5GQuCIzxqArY3TjEhO5JEDImVKg0svYnlEJ4R3c6puZ+DCWy0KQkzT5+/3nJD1/o1hwi0HwnfI2Nre2d3bTmeze/sFhLn9UszoxlFWpFto0IrBMcMWqyFGwRmwYyEiwejS8n/r1V2Ys1+oJRzFrS+gr3uMU0KFaywx0J+jkCkEpmJX/X4QLUSCLqnTyqZtWV9NEMoVUgLXNMIixPQaDnAo2ybQSy2KgQ+izppMKJLPt8ey5E7/oSNfvaeOOQn9G/06MQVo7kpHrlIADu+pN4VqPvSgwBkZrzUhOlu+rQCYCudFvyxQhSgSY90mmuLQU9q7bY67iBJGr/nypXiJ81P40Z7/LDaMoRk4ANdzl4tMBGKDofiPjEg9X8/0vahelsFwqP14Wbu8W2e+SU3JGzklIrsgteSAVUiWUPJMP8km+Uj+e56W97LzVSy1mjslSeSe/x5y3Jw==</latexit>⇢0

<latexit sha1_base64="jcienvTXVGvoS+Z8tSeXHiRLSwo=">AAACWnicbZHLSgMxFIbT8VanXlp152awCK7KjEh1JUU3LhVsFdpSzqRpG81lTM6oZZh3cKtvJvgwprULWz0Q+PP950DOnzgR3GIYfha8peWV1bXiul/a2NzaLld2WlanhrIm1UKb+xgsE1yxJnIU7D4xDGQs2F38eDnx756ZsVyrWxwnrCthqPiAU0CHWh0z0r2oV66GtXBawV8RzUSVzOq6Vymcd/qappIppAKsbUdhgt0MDHIqWO53UssSoI8wZG0nFUhmu9n0uXlw6Eg/GGjjjsJgSn9PZCCtHcvYdUrAkV30JvBfjz0pMAbG/5qxzOfvi0CmArnRL/MUIU4FmNfcP5xbCgdn3YyrJEXkaviz1CAVAepgknPQ54ZRFGMngBrucgnoCAxQdL/hu8SjxXz/itZxLarX6jcn1cbFLPsi2ScH5IhE5JQ0yBW5Jk1CyQN5I+/ko/Dled66V/pp9QqzmV0yV97eN8mNtyg=</latexit>⇢1
<latexit sha1_base64="jcienvTXVGvoS+Z8tSeXHiRLSwo=">AAACWnicbZHLSgMxFIbT8VanXlp152awCK7KjEh1JUU3LhVsFdpSzqRpG81lTM6oZZh3cKtvJvgwprULWz0Q+PP950DOnzgR3GIYfha8peWV1bXiul/a2NzaLld2WlanhrIm1UKb+xgsE1yxJnIU7D4xDGQs2F38eDnx756ZsVyrWxwnrCthqPiAU0CHWh0z0r2oV66GtXBawV8RzUSVzOq6Vymcd/qappIppAKsbUdhgt0MDHIqWO53UssSoI8wZG0nFUhmu9n0uXlw6Eg/GGjjjsJgSn9PZCCtHcvYdUrAkV30JvBfjz0pMAbG/5qxzOfvi0CmArnRL/MUIU4FmNfcP5xbCgdn3YyrJEXkaviz1CAVAepgknPQ54ZRFGMngBrucgnoCAxQdL/hu8SjxXz/itZxLarX6jcn1cbFLPsi2ScH5IhE5JQ0yBW5Jk1CyQN5I+/ko/Dled66V/pp9QqzmV0yV97eN8mNtyg=</latexit>⇢1

<latexit sha1_base64="7qIlq4X4jHr7yx7Cq6ecvt4pPok=">AAACXnicbZHNSgMxFIXTUatWq1U3gpvBIrixzIhUVyK6Edwo2Fa0pdxJ0zaYnzG5o5Zh3sKtvpc7H8X0Z2FbLwROvnMv5J5EseAWg+A75y0sLuWXV1YLa+vFjc3S1nbd6sRQVqNaaPMQgWWCK1ZDjoI9xIaBjARrRM9XQ7/xyozlWt3jIGYtCT3Fu5wCOvTYNH3dTm+OwqxdKgeVYFT+vAgnokwmddveyp03O5omkimkAqx9CoMYWykY5FSwrNBMLIuBPkOPPTmpQDLbSkdPzvwDRzp+Vxt3FPoj+nciBWntQEauUwL27aw3hP967EWBMTD414xkNn2fBTIRyI1+m6YIUSLAvGeFg6mlsHvWSrmKE0SueuOluonwUfvDrP0ON4yiGDgB1HCXi0/7YICi+5GCSzyczXde1I8rYbVSvTspX1xOsl8he2SfHJKQnJILck1uSY1QosgH+SRfuR8v7xW9zXGrl5vM7JCp8nZ/ATUZuMA=</latexit>⇢K�1
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Plug-and-Play Diffusion Model (PnP-DM)



Mean image

Posterior samples

Official image by EHT

Experiment is performed with real data for the M87 black hole with non-convex constraints

40μas 40μas

Real Data Reconstruction using Black Hole Prior
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Gravitational Lensing Black Hole Emission Tomography

Measurements
Evolving 

2D Projection
Reconstructed
3D Emission 

Strong Physical Constraints



Aviad Levis Pratul Srinivasan Andrew Chael Ren Ng

Gravitational Lensing Black Hole Emission Tomography

Levis*, Srinivasan*, et al, CVPR, 2022

Levis, et al, Nature Astronomy, 2024

Maciek Weilgus
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EHT Measurements
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Gravitational Lensing Black Hole Emission Tomography

Neural Network

Levis*, Srinivasan*, et al, CVPR, 2022
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Galactic Center on April 11: Explosive DayGalactic Center on April 7: Quiet Days



ALTHOUGH THIS MIGHT SEEM A LONG WAY 
OFF…Galactic Center on April 11: Explosive Day

emission hotspots



ALMA Observatory



The Black Hole Lightcurve

Measurements
Evolving 

3D Emission 
Evolving 

2D Projection

“Lightcurve” : 
integrate image to form 

a single pixel video



The Polarized Black Hole Lightcurve

time time

in
te

ns
ity

Q Polarization U Polarization



Black Hole Flare Tomography 

time time

in
te

ns
ity

Q Polarization U Polarization

Measurements



Black Hole Flare Tomography 

time

in
te

ns
ity

Measurements



Black Hole Flare Tomography 
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Black Hole Flare Tomography 

Groundtruth Recovered

Levis, et al, Nature Astronomy, 2024



Sgr A* Tomography Reconstruction (Real Data!)
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Sgr A* Tomography Reconstruction (Real Data!)

Fixed at Time 9:20 UT 
Levis, et al, Nature Astronomy, 2024



Sgr A* Tomography Reconstruction (Real Data!)

Progression over 100 minutes

Strong Physical Constraints

Levis, et al, Nature Astronomy, 2024
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The 2-Way Street Between Science and Algorithms

Bouman et al – Reconstructing Video from Interferometric Measurements of Time-Varying Sources
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Mapping Black Hole Hotspots

Dark Matter Tomography

Gravitationally Lensed Neural Field
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Revealing the 3D Cosmic Web 
through Gravitationally Constrained Neural Fields

Zhao, et al, CVPR, 2024

Zhao, et al, in prep

Brandon Zhao Aviad Levis Liam Connor Pratul P. Srinivasan
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(Exaggerated)
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“Intrinsic” Shape
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“Intrinsic” Shape
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Shape
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Shape
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“Intrinsic” Shape

Observed (Lensed) 
Shape

Cosmic Shear 
(Dark Matter Probe)
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The Elliptical Parameterization of Galaxies

To describe an ellipse, define its complex ellipticity:

𝑒 = 𝑒! + 𝑖𝑒"
Where the magnitude and phase determine its axis ratio r and orientation angle 𝝓: 



𝛾

𝑒#$% 𝛾(𝜌)=𝑒&'(−𝑒()*

𝛾(𝜌)

𝑒&'(

𝑒+,&
𝑒()*

𝜌: Dark Matter density

what we want



Estimates are Noisy: “Shape Noise”

“Intrinsic” Shape

𝑒&'( =
Estimated Shape

𝑒̂&'( − 𝜖
Shape Noise

𝑒#$%− 𝑒̂&'(𝛾)*+% =

𝜖 ~𝒩(0, 𝜎*-./0)where
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Estimates are Noisy: “Shape Noise”

“Intrinsic” Shape

𝑒&'( =
Estimated Shape

𝑒̂&'( − 𝜖
Shape Noise

𝑒#$% 𝛾(𝜌)=− + 𝜖𝑒&'( + 𝜖𝛾)*+% =

𝜖 ~𝒩(0, 𝜎*-./0)where



Galaxy Catalog
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Mass Density Neural Field
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(𝜃3, 𝜃4, 𝑧) &𝜌(𝜃3, 𝜃4, 𝑧)

𝑧
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Neural Field

Forward Model

Measurement Loss

Gradient Descent



Simulated Dark Matter Field 
(Blurred)

Reconstruction

106Zhao, et al, in prep
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Over 300 Scientists from 80 institutes in countries spanning
Europe, Asia, Africa, North and South America

(along with ~23K Community Contributors from Open-Source Projects)

The Event Horizon Telescope Collaboration



Aviad LevisZihui (Ray) Wu Berthy Feng Brandon Zhao


