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black-hole no-hair theorem

Gravitational and

Leptons electromagnetic waves

Angular Momentum

Figurative representation of a black hole in action. All details of the infalling matter
are washed out. The final configuration is believed to be uniquely determined by
mass, electric charge, and angular momentum. Figure 1
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THE MORE MASS, THE MORE
THAT SPACE GETS BENT AND
DISTORTED BY GRAVITY.

THINGS TUAT HAVE MASS
CAUSE THAT RUBBER SMEET
TO BEND, LIKE A BOWLING

BALL ON A TRAMPOLINE.
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EVERYTHNG WITH MASS \
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John A. Wheeler
(July 9, 1911 - April 13, 2008)
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Box 1. Wheeler coinages

John Wheeler believed that the names given to concepts or
to descriptions of an idea strongly influence how we think
about concepts and ideas, even how we work on them and
build on them. In short, the word inspires the deed. Accordingly,
Wheeler spent many hours (often soaking in a warm bathtub)
searching for the most apt terms. Here, in rough chronological
order, are some of his coinages:

S-Matrix the scattering operator in guantum mechanics

Sum over histories Richard Feynman’s path-integral method
Moderator the material that slows neutrons in a nuclear
reactor

Stellarator a plasma magnetic confinement device

Planck length, Planck time the scales at which quantum grav-
ity dominates

Geon an object made from waves bound together by their
energy’s gravity

Mass without mass gravitating object containing no massive
particles

Charge without charge wormholes as sources and sinks of
electric field lines

Wormhole a topological "handle” in the geometry of curved
space

Quantum foam quantum fluctuations in the geometry of
spacetime

Black hole* the object formed by implosion of a sufficiently
massive star

A black hole has no hair a classical black hole’s properties are
determined by only its mass, spin angular momentum, and
charge

Space tells matter how to move and matter tells space how
to curve the summarized content of general relativity

Law without law** emergence of law from random processes
It from bit** a physical world built of information units
Mutability** susceptibility of physical law to evolution and
change

Observer-participancy™* influence of the observer on reality
The universe as a self-excited circuit** shaping the past from
the present

A single quantum cannot be cloned a theorem that puts a
limit on quantum amplifiers

* The phrase *black hole” appears to have been used first, for
the object formed by stellar implosion, by one or more non-
physicists shortly after the 1963 discovery of quasars, but it did
not stick. Wheeler recalls adopting it in 1968 after somebody at
a lecture he was giving shouted it out as a suggestion, and in
his hands it was quickly adopted worldwide.

**An influential, speculative idea due to Wheeler.

S-Matrix,

Sum over histories,
Planck length,
Planck time,
Wormhole,

Black Hole,
Geon,

Quantum foam,
A BH has no hair,
law without law,
AR oo TR

Physics Today, 2009-4
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Figure 3. John Wheeler’s
diagram of the universe as
a self-excited circuit: Start-
ing small (thin part of *U"
e

at upper right), the universe
grows (loop of "U") and in

time gives rise to observer-
participancy (upper left), which
in turn imparts “tangible reality”
to even the earliest moments

of the universe. Compare this
notion with the delayed-choice
experiment of figure 2.

Figure 1. Agur
hole in action. /
are washead out
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The fifst black holé candidate discovered
in 1972, is part of an x-ray binary system,
orbiting its visible companion HDE 226868.
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The 37 black hole candidates within 50,000 LY of the galactlc centre 5,000 LY
Galactic centric (galactic Iongltude and Iatlfutfe) ‘ \

e :
3D Diagram by Larry McNish @ 2012, All Rights Reserved
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Core of Galaxy NGC 426l
Hubble Space Telescope

Wide Field / Planetary Camera

Ground-Based Optical/Radio Image HST Image of a Gas and Dust Disk

380 Arc Seconds - 17 Arc Seconds -
88,000 LIGHT-YEARS 400 LIGHTYEARS

http://www2.astro.psu.edu/users/rbc/al/lec26n.html ZFE\ 15_."%
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(CEENER0#% active galactic nuclei)
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Roger Penrose “for the discovery that black hole formation
is a robust prediction of the general theory of relativity"
Reinhard Genzel and Andrea Ghez "for the discovery of a
supermassive compact object at the centre of our galaxy".
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Zooming in on the centre of the Milky Way

://www.youtube.com/watch?v=XhHUNVEKUY8 (1:15)
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Reinhard Genzel and Andrea Ghez independently tracked the activity around the supermassive black hole at the Milky Way’s center over a period of decades.

https://www.quantamagazine.org/physics-nobel-awarded-for-black-hole-breakthroughs-20201006
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First M87 Event Horizon Telescope Results. I.
The Shadow of the Supermassive Black Hole

The Event Horizon Telescope Collaboration

(See the end matter for the full list of authors.)
Received 2019 March 1; revised 2019 March 12; accepted 2019 March 12; published 2019 April 10

Abstract

When surrounded by a transparent emission region, black holes are expected to reveal a dark shadow caused by
gravitational light bending and photon capture at the event horizon. To image and study this phenomenon, we have
asscmbled the Event Horizon Telescope, a global very long bascline interferometry array observing at a wavelength of
1.3 mm. This allows us to reconstruct event-horizon-scale images of the supermassive black hole candidate in the center
of the giant elliptical galaxy M87. We have resolved the central compact radio source as an asymmeiric bright emission
ring with a diameter of 42 + 3 jas, which is circular and encompasses a central depression in brightness with a flux
ratio >10:1. The emission ring is recovered using different calibration and imaging schemes, with its diameter and
width remaining stable over four different observations carried out in different days. Overall, the observed image is
consistent with expectations for the shadow of a Kerr black hole as predicted by general relativity. The asymmetry in
brightness in the ring can be explained in terms of relativistic beaming of the emission from a plasma rotating close to
the speed of light around a black hole. We compare our images to an extensive library of ray-traced general-relativistic
magnetohydrodynamic simulations of black holes and derive a central mass of M = (6.5 £ 0.7) x 10° M,.. Our radio-
wave observations thus provide powerful evidence for the presence of supermassive black holes in centers of galaxies
and as the central engines of active galactic nuclei. They also present a new tool to explore gravity in its most extreme
limit and on a mass scale that was so far not accessible.

0 1 2 3 4 D §
Brightness Temperature (10” K)

Figure 3. Top: EHT image of M87" from observations on 2017 April 11 as a
representative example of the images collected in the 2017 campaign. The
image is the average of three different imaging methods after convolving each
with a circular Gaussian kernel to give matched resolutions. The largest of the
three kernels (20 pas FWHM) is shown in the lower right. The image is shown
in units of brightness temperature, T, = SX*/2kg (2, where S is the flux density,
A is the observing wavelength, kg is the Boltzmann constant, and €2 is the solid
angle of the resolution element. Bottom: similar images taken over different
days showing the stability of the basic image structure and the equivalence
among different days. North is up and east is to the left.

Figure 1. Eight stations of the EHT 2017 campaign over six geographic
locations as viewed from the eauatorial plane. Solid baselines represent mutual
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Figure 1 | Evolution of seed black holes. Schematic of the evolution of seed black holes assuming two different formation mechanisms (the death of the
first generation of massive stars versus the direct collapse of gas into a black hole). Dark matter halos and the galaxies in them grow through merging. Black
holes grow both via merging and by accreting gas. One additional complication is that after merging, gravitational radiation ‘recoil’ (see text for details) may
send the black hole out of the galaxy. At present, we can distinguish between the two scenarios based on the fraction of small galaxies that contain massive
black holes (we call this the ‘occupation fraction’).
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Fig. 2. Left panel: ALMA map in the 250 GHz band of the “mini-spiral” including Sgr A*. The four spectral windows of f, = 245, 247, 257, and 259 GHz
are combined to improve the sensitivity. The diameter of the FOV is 24” (circle). The angular resolution is 0763 x 0753 at PA = —84°, which is shown
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Middleweight black holes found at last

Discovery could explain the origin of million-solar-mass monsters at galactic centers

By Daniel Clery

ow did giant black holes grow so big?
Astronomers have long had evidence

of baby black holes with masses of

no more than tens of suns and of
million- or billion-solar-mass behe-

moths lurking at the centers of galax-

ies. But middle-size ones, with thousands or
tens of thousands of solar masses, seemed to
be missing. Their absence forced theorists to
propose that supermassive black holes didn't
grow gradually by slowly consuming matter,
but somehow emerged as ready-made giants.
Now, astronomers appear to have located
some missing middleweights. An inter-
national team has scoured an archive of gal-
axy spectra and found more than
300 small galaxies that have the sig-
nature of intermediate mass black
holes (IMBHs) in their cores. The
team confirmed that 10 of those

candidates really do have middle-
100

tory, for example, only covers 2.5% of the sky.
So Chilingarian’s team searched for an al-
ternative, visible-light signal in a catalog of
930,000 galaxy spectra from the Sloan Digi-
tal Sky Survey (SDSS). The x-rays produced
by an AGN ionize clouds of hydrogen gas in
the galactic bulge around it, setting them
aglow at particular frequencies that produce
aks in the galaxys s
clouds closest to the black hole swirl around
it at high speed, which shifts the frequencies
via the Doppler effect and smears out each
peak. Gas clouds farther out move more
slowly, so the peaks remain sharp. To iden-
tify galaxies that have a small AGN, the team
looked for spectral peaks that were sharp at
the top but smeared out around the base.

Black hole growth chart
Black holes
masses that ¢

Jincluding the newly discovered middle
slate with the size of their hostg

That is enough to challenge recent think-
ing about how supermassive black holes
formed. Theorists needed alternatives to
gradual growth not just because IMBHSs
were missing, but also because astronomers
have identified giant quasars—very luminous
AGNs~shining when the universe was less
than a billion years old. “How could very
massive black holes grow so big [so early]?”
asks theorist Avi Loeb of Harvard University.
He and others proposed that in the early uni-
verse, huge gas clouds collapsed directly into
black holes of between 100,000 and 1 million
solar masses, which formed the seeds of the
eary quasars. That scenario would explain
the rapid formation and the lack of IMBHs.

The new result suggests, however, that at
least some giant black holes grew
from smaller seeds. The 10 con-
firmed IMBHs fit a pattern of grad-
ual growth: Their masses correlate
with the size of galactic bulge
around them, suggesting each is

weight black holes by consulting
other data sets, raising their con-
fidence that the original list “must
include at least a few dozen genu-

o

growing in step with its host (see
diagram, left). “There is not one
scenario: both happen,” Treister
says. “Now, the question is, which

ine [IMBHs]" says team leader
Igor Chilingarian of the Smithso-
nian Astrophysical Observatory in

Cambridge, Massachusetts.
Ezequiel Treister of the Pontifi-
cal Catholic University of Chile in
Santiago salutes the work. “Black
hole measurements are really
hard; we've been trying to do this

s
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is more common?”

Bromm says direct collapse
might only have been possible in
the very early universe. The big
bang generated only hydrogen and
helium; heavier elements forged
ar) by eady stars, did not join the mix
for millions of years. They helped
cool the primordial gas when they

for many years." Volker Bromm
of the University of Texas in Aus-
tin says the team's technique is
“pretty original” and calls their work “care-
ful and responsible.” The findings, research-
ers say, could begin to unravel the mystery
of supermassive black hole formation.
Black holes of any size are hard to find be-
cause they don't emit light of their own. They
can reveal themselves by sucking in nearby
gas and dust, heating it so fiercely along the
way that it emits x-rays. X-rays pouring from
the centers of many galaxies betray the pres-
ence of supermassive black holes, known as
active galactic nuclei (AGNs). But x-rays from
an IMBH would be much fainter, and exist-
ing x-ray satellites are geared toward detailed
observations of distant sources, not wide-
ranging surveys of multiple galaxies. The
archive from NASA's Chandra X-ray Observa-
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The search of the SDSS catalog yielded
305 candidates. Because other short-lived
phenomena could mimic the key signal, the
team checked other surveys, gathered at dif-
ferent times, to be sure the candidate galax-
ies showed the same smeared peaks. They
also inspected some of the galaxies with the
Giant Magellan Telescope in Chile. But the
real clincher of an AGN is the telltale x-ray
signal, so the team searched archived ob-
servations from NASAs Chandra and Swift
satellites and Europe’s X-ray Multi-Mirror
Mission to see whether, by chance, they
had observed any of those candidates. The
result was a final short list of 10, the team
reports in a paper posted on arXiv and sub-
mitted to The Astrophysical Journal.

Published by AAAS

became ionized, causing it to glow
and shed heat. A cooler gas cloud is
more likely to fragment into many
stars—the seeds of small black holes. In con-
trast, a hot primordial cloud could collapse
into a single giant object, with help from the
gravitational pull of dark matter, Bromm
suggests. It would be a rare occurrence, he
admits, something of a “cosmic miracle”

The only way to find out which scenario
dominates is to find more middleweights.
The hurdle, Chilingarian says, is the lack
of x-ray surveys. A German-built x-ray sur-
vey telescope called eROSITA is expected
to be launched later this year or early next
year on board the Russian observatory
Spektr-RG.“It'll produce averynicedata set,”
Chilingarian says. He's betting it will yield
hundreds more confirmed IMBHs—and
shed more light on black hole origins.
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Black hole growth chart

Black holes, including the newly discovered middleweights (color), have
masses that correlate with the size of their host galaxy.
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Intermediate mass black
holes (IMBHSs) (Fourstar +
Hubble Space Telescope)

+ IMBH (literature)

+ IMBH candidates (Fourstar)

» Grahametal., 2015

e Graham and Scott, 2015
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Roger Penrose “for the discovery that black hole formation
is a robust prediction of the general theory of relativity"
Reinhard Genzel and Andrea Ghez "for the discovery of a
supermassive compact object at the centre of our galaxy".
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Penrose Stairs

Ascending and Descending by M. C. Escher

Penrose Triangle

Relativity (1953) by M. C. Escher
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Whereas Stephen W. Hawking firmly believes that N N
naked singularities are an anathema and should JI\— # ~/ 7
be prohibited by the laws of classical physics,

And whereas John Preskill and Kip Thorne I'*% D %fﬁi }#_\ (3: #7.) "Ez_"\f EU ( C ck O C

regard naked singularities as quantum
gravitational objects that might exist unclothed i_lf,—ifﬂ: é nf LS J
by horizons, for all the Universe to see,

Therefore Hawking offers, and Preskill/Thorne
accept, a wager with odds of 100 pounds stirling \ N
to 50 pounds stirling, that when any form of N —, TLRE)L

classical matter or fieid that is incapable of

becoming singular in flat spacetime Is coupled to =
general rejativily via the classical Einstein r 5 D ‘[ =F % ]

equations, the resuit can never be a naked
singularity.

The loser wilf reward the winner with clothing to i '
E e e saaars somcasvorsry E (SR EB S BMEBEC
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Stephen W. Hawking  John P. Preskill & Kip S. Thorne /T
Pasadena, California, 24 September 1981 -I 9 9 ] O 9 n

24




VOLUME 66, NUMBER 8 PHYSICAL REVIEW LETTERS 25 FEBRUARY 1991

Formation of Naked Singularities: The Violation of Cosmic Censorship

Stuart L. Shapiro and Saul A. Teukolsky

Center for Radiophysics and Space Research and Departments of Astronomy and Physics,
Cornell University, Ithaca, New York 14853
(Received 7 September 1990)

We use a new numerical code to evolve collisionless gas spheroids in full general relativity. In all cases
the spheroids collapse to singularities. When the spheroids are sufficiently compact, the singularities are
hidden inside black holes. However, when the spheroids are sufficiently large, there are no apparent hor-
izons. These results lend support to the hoop conjecture and appear to demonstrate that naked singulari-
ties can form in asymptotically flat spacetimes.
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T"'—v—*'—rq- I :
t/M=0 t/M=0 - FIG. 1. Snapshots of the particle positions at initial and late

times for prolate collapse. The positions (in units of M) are
projected onto a meridional plane. Initially the semimajor axis
of the spheroid is 2M and the eccentricity is 0.9. The collapse
proceeds nonhomologously and terminates with the formation
of a spindle singularity on the axis. However, an apparent hor-
izon (dashed line) forms to cover the singularity. At ¢/M =7.7
its area is A/167M >=0.98, close to the asymptotic theoretical
limit of 1. Its polar and equatorial circumferences at that time
are CpMi/arM =1.03 and CAP/4xM =0.91. At later times
these circumferences become equal and approach the expected
theoretical value 1. The minimum exterior polar circumfer-
ence is shown by a dotted line when it does not coincide with
the matter surface. Likewise, the minimum equatorial cir-
cumference, which is a circle, is indicated by a solid dot. Here
, | Ca"/4nM =0.59 and CR/4xM =0.99. The formation of a
4 - ' black hole is thus consistent with the hoop conjecture.
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FIG. 4. Profile of I in a meridional plane for the collapse
shown in Fig. 2. For the case of 32 angular zones shown here,
the peak value of 7 is 24/M * and occurs on the axis just outside
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© UM =3.3 (matter)
UM =33(AH)

= UM =5.5 (matter)
—UM =5.5(AH)

3 4
R/M

FIG. 2 (color online). Snapshots of 5D axisymmetric evolution
with the initial matter distribution of b/M = 4 [(al) and (a2);
model 5DSp in Table I and 10 [(bl) and (b2); model 5DSé].
We see the apparent horizon (AH) is formed at the coordinate
time t/M = 3.3 for the former model and the area of AH
increases, while AH is not observed for the latter model up to
the time /M = 15.4, when our code stops due to the large
curvature. The big circle indicates the location of the maximum
Kretschmann invariant 7,  at the final time at each evolution.
Number of particles are reduced to 1/10 for figures.

PHYSICAL REVIEW D 83, 064006 (2011)

Formation of naked singularities in five-dimensional space-time

Yuta Yamada'* and Hisa-aki Shinkai'~"'
' Faculty of Information Science and Technology, Osaka Institute of Technology,
1-79-1 Kitayama, Hirakata, Osaka 573-0196, Japan
2Computational Astrophysics Laboratory, Institute of Physical and Chemical Research (RIKEN),

Hirosawa, Wako, Saitama 351-0198, Japan
(Received 18 December 2010; published 4 March 2011)

We numerically investigate the gravitational collapse of collisionless particles in spheroidal configu-
rations both in four- and five-dimensional (5D) space-time. We repeat the simulation performed by
Shapiro and Teukolsky (1991) that announced an appearance of a naked singularity, and also find similar
results in the 5D version. That is, in a collapse of a highly prolate spindle, the Kretschmann invariant
blows up outside the matter and no apparent horizon forms. We also find that the collapses in 5D proceed
more rapidly than in 4D, and the critical prolateness for the appearance of an apparent horizon in 5D is
loosened, compared to 4D cases. We also show how collapses differ with spatial symmetries comparing
5D evolutions in single-axisymmetry, SO(3), and those in double-axisymmetry, U(1) X U(1).

DOI: 10.1103/PhysRevD.83.064006 PACS numbers: 04.20.Dw, 04.20.Ex, 04.25.dc, 04.50.Gh

FIG. 3 (color online). Kretschmann invariant J for model
5DSé at t/M = 15.4. The maximum is O(1000), and its location
1S on z-axis, just outside of the matter.
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Whereas Stephen W. Hawking (having lost a previous bet
on this subject by not demanding genericity) still firmly be-
lieves that naked singularities are an anathema and should
be prohibited by the laws of classical physics,

And whereas John Preskill and Kip Thorne (having won the
previous bet) still regard naked singularities as quantum
gravitational objects that might exist, unciothed by hori-
zons, for all the Universe to see,

Therefore Hawking offers, and Preskill/ Thorne accept, a
wager that
When any form of classical matter or field that is inca-
pable of becoming singular in flat spacetime is coupled
to general relativity via the classical Einstein equations,
then
A dynamical evolution from generic initial conditions (i.e.,
from an open set of initial data) can never produce a naked
singularity (a past-incomplete null geodesic from 1., ).

The loser will reward the winner with clothing to cover the
winner's nakedness. The clothing is to be embroidered with
a suitable, truly concessionary message.

John P. Preskill & Kip S. Thorne
Pasadena, California, 5 February 1997

. Hawking
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Sparse modeling (BRI E€7 Y %) introduction

Sin[i Pi/5 + Pi/3] ol K .
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Sparse modeling (BRI E€7 Y %) introduction

fitting up to x*7
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Sparse modeling (BRI €7 Y >~%) introduction

fitting the data with noise
=> we do not need a fitting function which passes all the data

(overfitting, BER)

=> rather we should find a fitting as it has more zero-components

signal

(21

\s. /

redundant dictionary data

( Ain A ... Ay, \ ( z; \
Ag1 A ... Aoy . :
: : : : : (m <n), rank(A)= min(m,n)
\Aml Am2 c.. Amn/ \x;_l /
with many zero components
=> minimize _
lzllo = |supp(@)| = [{i={1,2,---,n}:z; # 0}

Hisaaki Shinkai, ShinGakudJutsu BootCamp @ Sendai, 2017/12/8-9 /8



Sparse Modeling

LASSO
Linear regression problem.
" @) ) V error
Yyi = bz, + Bz, + -+ + ﬂpwz‘p + €i (1)
4 )
Find £, which minimize
N p 2\ 2
ming (Z/z -2 ﬂj%(:ﬂ) (2)
i=1 j=1
and also with sparse 5. { sparse = as much zero-components y
4 . . )
LASSO (least absolute shrinkage and selection operator)
Tibshirani (1996)
N p () 2 N
miny 3 (- % el (subject e tj
i=1 j=1 i=1
which is equivalent with finding # which minimize the following equation:
. N AR - 2 ool
wing | 2 (-2 gl ) AT I3l = ming | Ju- £ 520 Al
1=1 7=1 1=1 71=1 9
A L1-norm A L1-norm
\_ ,

Hisaaki Shinkai (Osaka Inst. Tech.), Area workshop 2020 Winter/Group A camp of the “Innovative Research: GW genesis” 2020 Jan 11 @ Biw?kg



Why L1-norm constraint makes sparse solution?

Rigde Regression

2

p .
y — Z Bﬂ?m
j=1

ming

+/\||:3||2l

2

A L2-norm

LASSO

2

p ,
Hy -y 5].:130)
j=1

ming

+ A 18], }
A L1-norm

2

Hisaaki Shinkai (Osaka Inst. Tech.), Area workshop 2020 Winter/Group A camp of the “Innovative Research: GW genesis” 2020 Jan 11 @ Biw&g



LASSO variations

e clestic net = LASSO + Ridge Regression

p . 2
min ||y -3 8 +A((1 - )18l +a |ﬁ||2>1 ()
j= 2
e fused LASSO (for time series data) » Image Processing P time-series data
| N , N-1
ming [Z(yz = Bi)"+ A > |Biv1 — 5i|] (2)
1=1 1=1

e (lassification problem: Set the logistic regression for probability function

| exp [y(By + = Bjx))]
and consider N
ming Y [—logp;(yi | i B, 5o) + AlB]]1] (4)

i=1
» Machine Learning
» Big-data analysis

Hisaaki Shinkai (Osaka Inst. Tech.), Area workshop 2020 Winter/Group A camp of the “Innovative Research: GW genesis” 2020 Jan 11 @ Biw&fl



Exercise of Noise Removing
LASSO

From noisy data [i,,y to reconstructed data Ioytput. Try to minimize

1

F=-
2

|] output — I input | 2 + )\|] output | . (1)

In actual, let the output (each cell component) x; and the input b;. Set [x; = a;e; |, where
a; >0 and e; = +1 or —1.

F::%;@ﬁmy+xgu4
— %;(aiei —b;)? + /\; le;|a;
If we want to minimize this equation, e; = sgn (b;), therefore
F o= S (asn (b) = b + AT fela
::%;mpqmy+xgkmé
::%;mﬁqm+xf+w%4—v

so that we obtain a; = max (|b;| — A, 0).

https:/Ip-tech.net/articles/CY2Kn
Hisaaki Shinkai (Osaka Inst. Tech.), Area workshop 2020 Winter/Group A camp of the “Innovative Research: GW genesis” 2020 Jan 11 @ Biwa(s



Exercise of Noise Removing

Total Variation (Bregman Iteration)

From noisy data [iyput to reconstructed data w = Ioytput. 1Ty to minimize

A
F :Evrul T |VUUD+ 5(“ — Iinput|ﬂ (1)

This makes differences of each nearest cells are sparse, which makes monotonic colors.
To weakly enforce the constraints in this formulation as to minimize

L A
minimize, q, 4, |d.| + |dy| + §\U — Iinput‘Q T % (|V1)u — dr‘Q +[Vyu — dy‘2> (2)

where d, = V,u,d, = V,u (independent values to V,u and V,u). Bregman Iteration is
to split this converging process in k-steps as

uk+1 — mlnlmlzeu.dl‘.dy|d.’1‘| -+ |dy|—|— §|u_lillput|2+g (|V,lu —d, — b;];lQ + |Vyu — dy - bz|2) (3)

https://Ip-tech.net/articles/tkPFr/view

Hisaaki Shinkai (Osaka Inst. Tech.), Area workshop 2020 Winter/Group A camp of the “Innovative Research: GW genesis” 2020 Jan 11 @ Biwaz
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“Science” Breakthrough of the Year 2019

First Image of a black hole : center of M87

ek H 555005 FEE https://alma-telescope.jp/news/press/eht-201904

Hisaaki Shinkai (Osaka Inst. Tech.), Area workshop 2020 Winter/Group A camp of the “Innovative Research: GW genesis” 2020 Jan 11 @ Biw%



Team 1 (RML Team 2 (RML Team 3 (CLEAN Team 4 (CLEAN
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Brightness Temperature (107 K)

Figure 4. The first EHT images of M87, blindly reconstructed by four independent imaging teams using an carly, engineering release of data from the Apnl 11
observations. These images all used a single polanzation (LCP) rather than Stokes /. which 1s used in the mmainder of this Letter. Images from Teams | and 2 used
RML methods (no restonng beam): images from Teams 3 and 4 used CLEAN (restored with a circular 20 pas beam, shown in the lower nght). The images all show
stmu lar morphology, although the reconstructions show sigmficant differences in brightness temperature because of different assumptions regarding the total compact
flux density (see Table 2) and because restonng beams are applied only to CLEAN images.

Independent methods:

>>inverse modeling (CLEAN) the standard deconvolution method
>>forward modeling (RML) regularized maximum likelifood

(classical maximum entropy method)
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Figure 1. Top pancls: aggregate bascline coverage for EHT observations of MS7, combining observations on all four days. The left pancl shows short-baseline

covenge, comp

rised of ALMA interferometer basclines and intrasite EHT basclines (SMA-JCMT and ALMA-APEX ). These short basclines probe angular scales

larger than 0.17. The right pancl shows long-bascline coverage, compnsed of all inter-site EHT basclines. These long basclines span angular scales from 25 to 170 jas.
Each point denotes a single scan, which range in duration from 4 to 7 minutes. Bottom panels: the full bascline coverage on MS7 for cach observation. In all pancls,
the dashed circles show bascline lengths corresponding to the indicated fnnge spacings (0.2" for the upper-left pancl: 25 and 50 pas for the remaining panels).



Observed “Visibility” V' is Fourier-transformed image I: V = F'I.
e LASSO

I = argmin; [HV — FI||5 + A,HIHJ . subject to I1>0

e LASSO with Total Variance of the image

I = argmin, [HV — FI||5 + Af||I)|; +E\,HIHTVD subject to I>0

where ||I||py is either isotropic TV [Akiyama+, ApJ 838 (2017) 1]

I ||isoTV = Z Z \f"’f|]i+1._,‘ — L i|* + |Lij1 — Li |?
t J

or total squared variation [Kuramochi+, ApJ 858 (2018) 56]

1 |lrsv = 23 (Hiv1g — Ligl* + i — LijI)
t ]
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