T\ML B H O (Q S "\Q)\O( DU

Iv\s*T, & Sttt Mot h .
Credit: ESO 'E NT C 0(\&‘0“\0:‘;6“

@}. Event Horizon Telescope

! 13 September 2022, IAU-IAA |



A(Dacﬂ“ M\ﬁ@og

e Event Horizon Telescope

Mar.1996 Pn. D., Dept. of Engineering, Univ. of Tokyo
Apr.1996 Brain Science Institute, RIKEN

Apr.2001 Kyushu Institute of Technology

Feb.2003~ The Institute of Statistical Mathematics
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* |Information Geometry

« Signal Processing

* |Information Theory
 Brain Data Analysis
 Fisheries Resource
 Astronomical Data Analysis
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Institute of Statistical Mathematics (ISM)

—
\
\-

'”"/Unique institute focused on Statistical Science

 Founded in 1944

« Located in Tachikawa, Tokyo

 On of the 22 Inter-University Research Institutes
« 49 faculty, 80 visitors, 70 part-time, 29 grad. Students.

Theory and M'ethodology

- Information Criterion

- Time series analysis -Bayesian modeling
- - Survey methodology ‘MCMC, particle filter
,/?/ i - Quantification theory *Ensemble machine
A }:‘\f g T =" - Multivariate analysis *Sparse modeling
)"?‘“"i :’J‘j’v’/ b ¢ <i g - Kernel meth_od
:ﬁé‘;’??(/('\/d,@t S . *Meta-analysis
R i -Data assimilation
method

=mEs

Promote the development of human
resources capable of decision making 9@‘8
k3 EF 53 (BATLITEFIL)
based on data T
TS LALBERRBOT 4> O—fl -
S NS ] | Measuremar ker m———3> Marker positive @:\::;: | -:"W ». }

Marker negative Off study
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Credit:ESO/L.Calcada, Digitized Sky Survey 2, ESA/Hubble, RadioAstron, De Gasperin et al., Kim et al., EHT Collaboration
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Credit: ESO/L. Calcada, N. Risinger, DSS, VISTA, VVV Survey/D. Minniti DSS, Nogueras-Lara et al., Schoedel, NACO,
GRAVITY Collaboration, EHT Collaboration
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Relativistic Jet N

Event horizon

Accretion disc

Singularity

At the very centre of a black hole, matter has collapsed
into a region of infinite density called a singulari
All the matter and energy that fall into the black hole'ends up heresss
The prediction of infinite density by general relativity is thougl 0 indice
the breakdown of the theory where quantum effects becc gglele]

-~

Singularity

Event horizon \
This is the radius around a singularity where matter and energ;

cannot escape the black hole’s gravity: the point of no return.
This is the “black” part of the black hole.

Photon sphere
Although the black hole itself is dark, photons are emitted from n‘earb%

Photon
sphere

hot plasma in jets or an accretion disc (see below). In the absence of gravity,
these photons would travel in straight lines, but just outside the event horizon
of a black hole, gravity is strong enough to bend their paths so that we see

a bright ring surrounding a roughly circular dark “shadow”.

Relativistic jets \
When a black hole feeds on stars, gas or dust, the meal produces jets of particles
and radiation blasting out from the black hole’s poles at near light speed.

They can extend for thousands of light-years into space. ' \\
_S—

Innermost stable orbit

Innermost stable orbit
The inner edge of an accretion disc is the last place that material can
orbit safely without the risk of falling past the point of no return.

Accretion disc

A disc of superheated gas and dust whirls around a black hole at immense speeds,

producing electromagnetic radiation (X-rays, optical, infrared and radio) that reveal the

black hole’s location. Some of this material is doomed to cross the event horizon, while other parts
may be forced out to create jets.

Credit: ESO, ESA/Hubble, M. Kornmesser

C—
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Credit: Nicolle R. Fuller/NSF, EHT Collaboration,
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Ring ~ 2.6 x BH size

~H.72 Rs
Rs = 2GMsn/c?

(Hilbert 1916)
Credit: Hung-Yi1 Pu
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SH Mass Distance 1 Rs
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Sgr A* 4 x 10° 0.008 10
VIS 65 /10 16.8 7.6 o T
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0.25

Source

-

Credit: NASA AND _T'HE HUBBLE HERITAGE TEAM (STSCI/AURA)

. Credit: A. Weiss and R. Kraft, ESO/WFI/MPIfR/APEX/NASA/CXC/CfA
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Atacama Large Millimeter/
submillimeter Array
CHAJNANTOR PLATEAU, CHILE

@94\ Atacama Pathfinder EXperiment
i) CHAINANTOR PLATEAU, CHILE

IRAM 30-M Telescope
PICO VELETA, SPAIN

D James Clerk Maxwell Telescope

Large Millimeter Telescope
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Submillimeter Array
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Submillimeter Telescope
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South Pole Telescope
SOUTH POLE STATION

=2Credit: NAOJ,
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Large Millimeter Telescope
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Submillimeter Array
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Submillimeter Telescope
MOUNT GRAHAM, ARIZONA
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Traditional Method New Imaging Methods
CLEAN Regularized Maximum Likelihood (RML)
DIFMAP (shepherd-+97. 98, 03) eht-Imaging (chaet+16, 18 SMILI (akiyama-+17a. b

Model Model Model

General Pixelated Images General Pixelated Images General Pixelated Images
Residual Calibration Gains Residual Calibration Gains

Hyper Parameters Hyper Parameters Hyper Parameters

Image Assumptions Image Assumptions Image Assumptions

Sparse reconstruction Sparse Sparse
Smooth Smooth

Maximum Entropy Total flux
TotalFlux

Credit: K. Akiyama, MIT
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2 4 6 8 10 2 4 6 8 10 12 14

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 2.5 5.0 7.510.012.515.017.5
Brightness Temperature (10° K) Brightness Temperature (10° K) Brightness Temperature (10° K) Brightness Temperature (10° K)

Amplitude (Jy)

Baseline (G\)
(EHT M87 Paper V)
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Time variability

Simulation: EHT Collaboration et al. 2022, Sgr A* Paper V

Credit: Abhishek Joshi, University of lllinois at Urbana-Champaign Slide by Kazu Akiyama@MIT
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Dealing with Time Voriability & Time Vantabil: Mitigation
Snapshot Image = Mean Image + Residual Image
0.0 hours

We treated the residuals as noises in the Fourier domain

Georgiev et al. 2022, Broderick et al. 2022, EHT Collaboration et al. 2022 Paper Ill, IV

Simulation: EHT Collaboration et al. 2022 Paper V
@9. Event Horizon Ielescope Slide by Kazu Akiyama@MIT
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i [

On-Sky Image = Angular-broadened Image < Refractive Substructure

— -
"

Intrinsic Image Scattering Kernel

(

Refractive substructures appear as Gaussian noises in the Fourier domain
Johnson & Gwinn 2014, Johnson & Narayan 2016, Johnson et al. 2018, Psaltis et al. 2018
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Traditional Method
CLEAN
DIFMAP (Shepherd-+97, 98, 03)

Model

General Pixelated Images
Residual Calibration Gains

New Imaging Methods

Regularized Maximum Likelihood (RML)

eht-Imaging (chaet+16. 19

SMILI (akiyama-+17a, b)

Model

General Pixelated Images

Model

General Pixelated Images
Residual Calibration Gains

Bayesian Imaging
THEM'S (Broderick-+20a, b)

Hyper Parameters

Image Assumptions

Scattering Parameters

Variability Parameters

Hyper Parameters

Image Assumptions

Scattering Parameters

Variability Parameters

Hyper Parameters

Image Assumptions

Scattering Parameters

Variability Parameters

More Restrictive Model

Low-resolution Pixel Images
Residual Calibration Gains
Scattering Parameters
Variability Parameters

Field of View / Grid
Orientations
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Hyper parameters

Number of Image Pixels

Credit: K. Akiyama, MIT
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IRAM 30-meter Telescope
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Greenland Telescope Project )
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Credit: NRAO, AUI, NSF
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