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Mass Transfer

Accretion Disk \
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Cygnus X-1 HDE 226868

The first black hole ecandidate 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 galactic centre 5,000 LY
Galactic centric (galactic longitude and latitude) | ‘
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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
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380 Arc Seconds 17 Arc Seconds
88,000 LIGHTYEARS 400 LIGHTYEARS
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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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Taken from the 22 November 1919 edition
of the lllustrated London News.

Coverage in the (more excitable)
New York Times.

LIGHTS ALL ASKEWY,
~IN THE HEAVENS

Men of Science More or Less
Agog Over Results of Eclipse -
Observations.

EINSTEIN THEORY TRIUMPHS

Stars Not Where They Seemed
or Were Calculated to be,
but Nobody Need Worry.

A BOOK FOR 12 WISE MEN

No More in All the Worid Could
Comprehend It, Said Einsteln When
His Daring Publishers Accepted It.

of the Sfar / of the Star .

Dislonce from the Earth

fo the Siello Background

is more than :
25,000.000.000,000 miles.

X Aclual Position . 4 Apperen! Position
!
[

This Diedrem shows the
proportional Displacement
of the Stors inrelohion o
the disfance from the Sun,

,. The omount of Displacement
B is exaggeroted abou! 600 Times

Apporent Posilion: 4
Acluel Posilion =

THE SUN

Dislance fmf
the Eaorth s

THE SUN

Showing Path of Tolal Eclipae of Moy T8-29 1919,
and posiliona of the hwo ObservalionSkalions.

i ) - -
THE ORSERVATION STATION
AT SOPRAL., IN BRAZILT &

The Corona
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PhotoWithBH (take a picture with blackhole lens)

https://www.oit.ac.jp/labs/is/system/shinkai/temp/PhotoWithBH/index.html
sample trial page (please do not link)
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This was most popular, and Akashi & Yokohama decided to display this as the standard contents
(under the contraction with NMNS Taiwan).
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James Webb EziENT7—AS1h

2022FTHFERNDEE SMACS0723

https://www.nasa.gov/webbfirstimages . . . :
-y DR 1 VNG Yy 5] S Galaxy Cluster Abell 2218 HST » WFPC2

NASA, A. Fruchter and the ERO Team (STScl, ST-ECF) « STScl-PRC00-08 154t NASA 3 O
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EHT image

https://www.nao.ac.jp/news/sp/20190410-eht/videos.html




concave mirror

PRI ESFICEE S

(a) YATHMAEY TH LELIC (b) £ XY NANZEWT-MED
295 BITIER S LT %

33



[ B 7l )

http://www.mitsubishielectric.co.jp/me/dspace/column/c1805_2.html

34



= R M~ — T Ik
€2 pligAN 300 )’ ) llvtsgﬁﬁ Atacama Large Millimeter/Submillimeter Array

AR, BOREHRT, FUDTHYNVITEERUIZE
£665D7UTTHRESN, HARIF1658ZEE. WS LU EpH.

N S== N
SN E R R

LUJ'JI

Z55000miE=[CERESNTLS.

ER12X—bLD 7T 2508501 TREE __'51%1 A=V TP I TFT4A
EEETASNPUTF 12BN 5585, Al T8 & S O% T T EIRA LT B
EMCTE, xRDZE[EDHERE, 0.05 v1o07I7 2.

[ KIRICHD—HEZREEHNSBEoFToN3IFEDOEL)
B RE

http://alma.mtk.nao.ac.jp/

35


http://www.nasa.gov/mission_pages/messenger/multimedia/messenger_orbit_image20120615_1.html
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VLBI = Very Long Baseline Interferometer
VERA = VLBI Exploration of Radio Astrometry
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Event Horizon Telescope
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First M87 Event Horizon Telescope Results. 1.
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 emuission 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 asymmetric bright emission
ring with a diameter of 42 & 3 pas, 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
magnctohydrodynamic 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 (ool (o explore gravity in its most extreme
limit and on a mass scale that was so far not accessible.

0 1 2 3 4 D 6
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 eaquatorial plane. Solid baselines represent mutual
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EHT image

https://www.nao.ac.jp/news/sp/20190410-eht/videos.html
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© 2022. The Author(s). Published by the American Astronomical Society.
OPEN ACCESS

CrossMark

First Sagittarius A* Event Horizon Telescope Results. VI. Testing the Black Hole Metric

The Event Horizon Telescope Collaboration
(See the end matter for the full list of authors.)

Received 2022 March 15; revised 2022 April 12; accepted 2022 April 12; published 2022 May 12

Abstract

Astrophysical black holes are expected to be described by the Kerr metric. This is the only stationary, vacuum,
axisymmetric metric, without electromagnetic charge, that satisfies Einstein’s equations and does not have
pathologies outside of the event horizon. We present new constraints on potential deviations from the Kerr
prediction based on 2017 EHT observations of Sagittarius A* (Sgr A*). We calibrate the relationship between the
geometrically defined black hole shadow and the observed size of the ring-like images using a library that includes
both Kerr and non-Kerr simulations. We use the exquisite prior constraints on the mass-to-distance ratio for Sgr A™
to show that the observed image size is within ~10% of the Kerr predictions. We use these bounds to constrain
metrics that are parametrically different from Kerr, as well as the charges of several known spacetimes. To consider
alternatives to the presence of an event horizon, we explore the possibility that Sgr A* is a compact object with a
surface that either absorbs and thermally reemits incident radiation or partially reflects it. Using the observed image
size and the broadband spectrum of Sgr A®, we conclude that a thermal surface can be ruled out and a fully
reflective one is unlikely. We compare our results to the broader landscape of gravitational tests. Together with the
bounds found for stellar-mass black holes and the M87 black hole, our observations provide further support that
the external spacetimes of all black holes are described by the Kerr metric, independent of their mass.

April 7

Figure 11. Inferred diameter of the black hole shadow boundary overlaid on ~ sl

the average EHT image of Sgr A" obtained from the 2017 April 7 data. Solid iﬂ}vﬁh\ b 2 758 O O OJIEE
lines show the range of most likely values, while the dashed lines show the

envelope of the 68th percentile credible intervals for all methods.

https://eventhorizontelescope.org
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Animation of the inspiral and collision of two black holes consistent with the masses and spins of GW170104. The top part of the movie shows the black hole horizons (surfaces of "no return"). The initial two black
holes orbit each other, until they merge and form one larger remnant black hole. The shown black holes are spinning, and angular momentum is exchanged among the two black holes and with the orbit. This results in a
quite dramatic change in the orientation of the orbital plane, clearly visible in the movie. Furthermore, the spin-axes of the black holes change, as visible through the colored patch on each black hole horizon, which
indicates the north pole.

The lower part of the movie shows the two distinct gravitational waves (called 'polarizations') that the merger is emitting into the direction of the camera. The modulations of the polarizations depend sensitively on the
orientation of the orbital plane, and thus encode information about the orientation of the orbital plane and its change during the inspiral. Presently, LIGO can only measure one of the polarizations and therefore obtains only
limited information about the orientation of the binary. This disadvantage will be remedied with the advent of additional gravitational wave detectors in Italy, Japan and India.

Finally, the slowed-down replay of the merger at the end of the movie makes it possible to observe the distortion of the newly formed remnant black hole, which decays quickly. Furthermore, the remnant black hole is
"kicked" by the emitted gravitational waves, and moves upward. (Credit: A. Babul/H. Pfeiffer/CITA/SXS.) - See more at: http://ligo.org/detections/GW170104.php#sthash.NZPaW2LT.dpuf

http://ligo.org/detections/GW1/70104.php o8
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Gamma rays, 50 to 300 keV GRB 170817A

Counts per second

Gravitational-wave strain GW170817

Frequency (Hz)

0

Time from merger (seconds)
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STROPHYSICAL JOURNAL LETTERS, 848:L12 (59pp), 2017 October 20 Abbott et al.
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FIRST Cosmic EVENT OBSERVED

IN GRAVITATIONAL WAVES AND LIGHT
Colliding Neutron Stars Mark New Beginning of Discoveries

Collision creates light across the

entire electromagnetic spectrum.

Joint observations independently confirm
Einstein's General Theory of Relativity,
help measure the age of the Universe,
and provide clues to the origins of

heavy elements like gold and platinum

On August 17,2017, 12:41 UTC, Within two seconds, NASA's

LIGO (US) and Virgo (Europe) detect Fermi Gamma-ray Space Telescope
gravitational waves from the merger detects a short gamma-ray burst from a

of two neutron stars, each around region-of the sky overlapping the LIGO/Virgo
1.5 times the mass of our Sun. This is position. Optical telescope observations

the first detection.of spacetime ripples pinpoint the origin of this signal to NGC 4993,

from neutron stars a gaiaxy located 130 million ilght years distant
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KAGRA (Kamioka GW Observatory)
¢ Underground and Cryogenic interferometric gravitational-wave detector at Kamioka, Japan
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Kamioka Gravitational-Wave Observatory, (Large-scale Cryogenic Gravitational wave Telescope)
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M1900145-v1, VIR-0091A, and JGW-M1910663¢

Memorandum of Agreement |
between¢
VIRGO, ¢
KAGRA,
and the
Laser Interferometer Gravitational Wave Observatory (LIGO)+¢
October 2019¢

Purpose of agreement:

The purpose of this Memorandum of Agreement (MOA) is to establish and define a collaborative
relationship between VIRGO, KAGRA and the Laser Interferometer Gravitational Wave
Observatory (LIGO) to develop and exploit laser interferometry to measure and study gravitational
waves.

We enter into this agreement in,.qrder,.Jo lay the groundwork for decades of world-wide
collaboration. We intend to carry out the search for and analysis of gravitational waves in a spirit
of teamwork, not competition. Furthermore, we remain open to participation of new partners,
whenever additional data can add scientific value to the detection and study of gravitational waves.
All partners in the world-wide collaboration should have a fair share in the scientific governance
of the collaborative work.

Among the scientific benefits we hope to achieve from this collaboration are: better confidence in
detection of signals, better duty cycle and sky coverage for searches, better estimation of the,.
legatiop, and physical parameters of the sources, and gravitational wave studies based on the
detected signals. Furthermore, we believe that the sharing of ideas will also offer additional
benefits.

This MOA supersedes the MOU LIGO-M060038-v5 between VIRGO and LIGO, established in
March 2019. This MOA also supersedes the MOU JGW-M1201315-v3 between KAGRA, LSC
and Virgo scientific collaboration in December 2012.

Details of, and extensions to, this MOA will be provided in Attachments agreed to by LIGQ,.~
VIRGO, and KAGRA.

We refer to the joint bodies of the LIGO Scientific Collaboration (LSC), the Virgo Collaboration,
and the KAGRA Collaboration as ‘LVKC’ in this document for brevity. The three Collaborations
maintain their independent existence and may have differing (but not mutually incompatible) rules
and procedures in some domains.
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O3b (2019/11/1 - 2020/3/27)
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N DEDREA Future Plans
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Updated 01 02 03 04 IR1 05
2026-05-27
80 100 100-140 150-170 160-180 225-295
Mpc means the observable Mpc  Mpc Mpo Mpc Mpo Mpo
distance of the typical LIGO | I 1 1
NSNS mergers 30 40-60 50-60 50-60
_ Mpc Mpc Mpc Mpc
Virgo I ]
0.7 1.3 57 715
Mpc Mpc Mpc Mpc
KAGRA | | I

G2002127-v36
2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 4 2027 2028 2029 2030 2031

O4a
O4b
BHIEAR] (Observing Run) Hff& UTC Fon O4c
R Advanced LIGO Advanced Virgo KAGRA tOd ay
%+ H H £ H H £ H H £ H H £ H H £ H H

O1 2015 912 2016 1 19 — —

02 2016 11 30 —2017 8 25 2017 8 1 -2017 8 25 -

O3a 2019 4 1 -2019 9 30 A) e —

O03b 2019 11 1-2020 3 27 Ak (O3GK) 2020 4 7 -2020 4 21

O4a 2023 5 24 — 2024 1 16 — 2023 5 26 —2023 6 25

O4b 2024 4 10— 2025 1 28 A) /e —

O4c 2025 1 29 — 2025 11 18 A) /e 2025 6 6 —2025 11 18

33



Gravitational Wave

Open Science Center ;

Discover Gravitational-Wave Observatory Data,
Tutorials,and Software Tools.

Explore Data

Event
Catalog

The Gravitational-wave Transient
Catalog (GWTC) is a cumulative set
of events detected by LIGO, Virgo,
and KAGRA.

https://gwosc.org/

Open Data
Workshop

Participants will receive a crash-
course in gravitational-wave data
analysis that includes lectures,
software tutorials, and a data

Catalog and Data Release

Tutorials

Learn with tutorials that will lead
you step-by-step through some
common data analysis tasks.

GW Transient Catalog
released arXiv ref. BHBH NSNS NSBH |unknown total
GWTC-1 O1+02 |2018/Dec 3 1811.12907 PR>(§391 &%1% 10 1 11
GWTC-2 O3a |2020/0Oct 28 2010.14527 PR%;%(%%H) 36 1 2 39
GWTC-2.1 + 2021/Aug 2 2108.01045 +8-3 5
i PRX 13 (2023)
GWTC-3 O3b [2021/Nov 5 2111.03606 047059 32 3 35
GWTC-4 O4a [2025/Aug 25 2508.18082 86 86
GWTC-5 O4b |2026/May 26 2605.27225 104 104
total 268 2 3 2 280
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Tools to learn Gravitational Wave for geeks
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Masses in the Stellar Graveyard

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars EM Black Holes EM Neutron Stars
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[#132] Superheavy Neutron Star Merger’'s Audio Jumps Thousands Of Hertz In Simulation

Time in milliseconds

15-Xe
1 7 A n N\

Gravitational
Waves

100 Hz [

100 km
2100 Hz

See a pair of superheavy neutron stars collide in this simulation with gravitational wave audio. "An audible tone and a visual frequency scale (at left) track the
steady rise in the frequency of gravitational waves as the neutron stars close,” according to NASA's Goddard Spaceflight Center.

Credit: NASA’s Goddard Space Flight Center and STAG Research Centre/Peter Hammond https://www.dailymotion.com/video/x903e6y 88
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