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The Event Horizon Telescope Collaboration

200+ scientists from 59 institutes in 18 countries in
Europe, Asia, Africa, North and South America
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Black Hole Simulation




How Big Must Our Telescope Be?
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Simulation of M87 Ideal Image with
Earth-Sized Telescope
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The Event Horizon Telescope (EHT)

Black Hole Image Frequency Measurements
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North-South Frequency (v)

East West Frequency (u)



The Event Horizon Telescope (EHT)

Frequency Measurements
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The Event Horizon Telescope (EHT)

Frequency Measurements
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The Event Horizon Telescope (EHT)

Frequency Measurements
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The Event Horizon Telescope (EHT)

Frequency Measurements
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True Image

Reconstruction

Solving for the Image
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True Image

Reconstruction

Solving for the Image
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Solving for the Image
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‘ Atmospheric Error: Unknown Phase

Atmospheric Noise »

Frequency Measurement:
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‘ Atmospheric Error: Amplitude Attenuation

Atmospheric Noise »

Frequency Measurement:
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Phase & Amplitude Error
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Phase & Amplitude Error
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Two Classes of Imaging Algorithms

Inverse Modeling Forward Modeling
(CLEAN + Self-Calibration) (Regularized Maximum Likelihood)




Two Classes of Imaging Algorithms
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Self Calibration

s\ao‘\o‘ Inverse Modeling Forward Modeling
(CLEAN + Self-Calibration) (Regularized Maximum Likelihood)




Two Classes of Imaging Algorithms
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Self Calibration

s\ao‘\o‘ Inverse Modeling

(CLEAN + Self-Calibration)

Systematic

Errors
Thermal

Noise
A
Phase mp

B =

Xiap = argmax, [logp(y|x) + log p(x)]

Forward Modeling
(Regularized Maximum Likelihood)



How do we verify what we are
reconstructing is real?



The 4-Step Process to Making a Picture of a Black Hole

1. Synthetic Data Tests
2. Blind Imaging of M87 Data
3. Objectively Choosing Imaging Parameters

4. Validation of Images



Step 1: Synthetic Data Tests



Event Horizon Telescope

Imaging Challenges
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1) Generate Measurements

2) Make Images

3) Evaluate Quality



True Image Blurred by 1/2 beam
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Method | Method 2 Method 3 Method 4 Method 5



True Image Blurred by 1/2 beam

anA

Method | Method 2 Method 3 Method 4 Method 5



Step 2: Blind Imaging of M87 Data



Step 2: Blind Imaging
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Step 2: Blind Imaging

Team 1 (RML) Team 2 (RML) Team 3 (CLEAN) Team 4 (CLEAN)
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70 p-arcseconds




Step 3: Objectively Choosing Parameters



Step 3: Imaging Pipelines

DIFMAP eht-imaging SMILI
(CLEAN + Self Calibration) (Regularized Max Likelihood) (Regularized Max Likelihood)
Compact Flux Compact Flux Compact Flux
Stop Condition Initial Gaussian Size L1 Soft Mask Size
Weighting on ALMA Systematic Error Systematic Error
Mask Size Regularizes Regularizes
Data Weights MEM vV
TV TSV
TSV L1
L1




‘ Step 3: Training on a Disk

SYNTHETIC DATA
GENERATION




Step 3: Training on Full Set

Ring

SYNTHETIC DATA
GENERATION




Step 3: Different Days and Imaging Pipelines

Observing Day
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‘ Step 3: Blurred to Equivalent Resolution

DIFMAP eht-imaging

l April 11




Publically Available Code and Datasets

@}. Event Horizon Telescope

Home  About EHTv¥  Science  Technology  Press & Media Resources¥  For Astronomers~

EHT Data Products

EHT
D, L
ata Author(s) ast Reference
Product Updated
Code
2019 First M87 EHT The EHT -~ %HI-IF — .
i Results: Calibrated Collaboration pr https://doi.org/10.25739/g85n-f134 ey e
D01-01 2019 al. (2019¢), M87
Data etal.
Paper llI
_ EHT
First M87 EHT The EHT ) . i
2019- ) ) 24 Apr https://github.com/eventhorizontelescope/2019- = Collaboration et
Results: Imaging Collaboration
D01-02 - 2019 D01-02 al. (2019d),_ M87
Pipelines etal.
Paper IV




Step 4: Validation



Step 4: Finding “Top Set” P

SYNTHETIC DATA
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Step 4: eht-1maging Parameter Slice

Top Set
Parameters
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M87 Data
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TV 1000
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‘ Step 4: Variance Over the Top Set

Mean Image Standard Deviation

Fractional Standard Deviation
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Did We Prove Einstein Was Right?

Short answer: No, but we didn’t prove he was wrong



Non-spinning Black Hole’s Event Horizon
Diameter = 2r,

5 Photon Orbit
i &—— Diameter = 3r,
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Non-spinning Black Hole (Schwarzschild)
Diameter = 5.2 r,

e

adapted from Michael Johnson




Non-spinning Black Hole (Schwarzschild)
Diameter = 5.2 r,

Maximally-spinning Black Hole (Kerr)
Diameter = 4.8 r,

adapted from Michael Johnson




Spinning Black Hole (Kerr)

/ Diameter = (4.8 = 5.2 ) r,

adapted from Michael Johnson




adapted from Michael Johnson

M87 Mass from Gas Dynamics
Mgy = 3.5X10°M,
[Walsh et al 201 3]

Spinning Black Hole (Kerr)
Diameter = ( 4.8 = 5.2 ) r,

M87 Mass from Stellar Dynamics
Mgy = 6.6XT10°M,
[Gebhardt et all 2011]

Spinning Black Hole (Kerr)

/ Diameter = (4.8 = 5.2 ) r,




M87 Mass from Gas Dynamics M87 Mass from Stellar Dynamics
Mgy = 3.5X10°M, Mgy = 6.6XT10°M,

Spinning Black Hole (Kerr)

Diameter = (4.8 = 5.2 ) r,
Spinning Black Hole (Kerr) /
Diameter = ( 4.8 = 5.2 ) r,

adapted from Michael Johnson




adapted from Michael Johnson

M87 Mass from Gas Dynamics
Mgy = 3.5X10°M,

Spinning Black Hole (Kerr)
Diameter = ( 4.8 = 5.2 ) r,

M87 Mass from Stellar Dynamics
Mgy = 6.6XT10°M,

Spinning Black Hole (Kerr)

/ Diameter = (4.8 = 5.2 ) r,

Naked Singularity (Super-spinning)
Diameter = r,




adapted from Michael Johnson

M87 Mass from Gas Dynamics
Mgy = 3.5X10°M,

Spinning Black Hole (Kerr)
Diameter = ( 4.8 = 5.2 ) r,

M87 Mass from Stellar Dynamics
Mgy = 6.6XT10°M,

Spinning Black Hole (Kerr)

/ Diameter = (4.8 = 5.2 ) r,

dked Singularity (Super-spinning)
icdmeter = r,
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Publically Available Code and Datasets

@}. Event Horizon Telescope

Home  About EHTv¥  Science  Technology  Press & Media Resources¥  For Astronomers~

EHT Data Products

EHT
D, L
ata Author(s) ast Reference
Product Updated
Code
2019 First M87 EHT The EHT -~ %HI-IF — .
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Paper IV




Publically Available Code and Datasets

https: / /eventhorizontelescope.org /for-astronomers/data

] eventhorizontelescope / 2019-D01-02 ©OWatch~ 4 Y%star 17 YFork 3
<> Code Issues 2 Pull requests 0 Projects 0 Wiki Security Insights Settings
First M87 EHT Results: Imaging Pipelines https://eventhorizontelescope.org/for... Edit

Manage topics

D 2 commits # 1 branch © O releases 22 0 contributors

Branch: master v New pull request Create new file  Upload files = Find file Clone or download v

The Event Horizon Telescope Collaboration Bug fix: remove unspecified option = Latest commit 587c5d6 on Sep 14
B difmap 2019-D01-02: First M87 EHT Results: Imaging Pipelines 6 months ago
B eht-imaging Bug fix: remove unspecified option last month
B smili 2019-D01-02: First M87 EHT Results: Imaging Pipelines 6 months ago
B README.md 2019-D01-02: First M87 EHT Results: Imaging Pipelines 6 months ago
E run.sh 2019-D01-02: First M87 EHT Results: Imaging Pipelines 6 months ago
README.md s

First M87 EHT Results: Imaging Pipelines

Authors: The Event Horizon Telescope Collaboration et al.
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Publically Available Code and Datasets
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