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THINGS TUAT HAVE MASS THE MORE MASS, THE MORE
CAUSE TUAT RUBRER SMEET THAT SPACE GETS BENT AND
TO BEND, LIKE A BOWLING DISTORTED BY GRAVITY.

BALL ON A TRAMPOLINE.

FOR EXAMPLE, THE REASON THE EARTH GOES AROUND THE
SUN 1S THAT THE SN IS VERY MASSIVE, CAUSING A BIG
DISTORTION OF THE SPACE AROWND (T,

F YOU JUST TRY TO MOVE IN A STRAIGHT LINE
AROUND SUCH A BiG TISTORTION, YOU WILL FIND
YOURSELF ACTUALLY MOVING IN A CRCLE.

THAT'S HOW ORBITS WORK: THERE'S NO
ACTUAL FORCE PULLING THE PLANETS
AROUND, JUST A BENDING OF THE SPACE.

GRAVITATIONAL WAVES ARE PRODUCED
WHENEVER MASSES ACCELERATE
CHANGINS THE DISTORTION OF SPACE. 5™ AND/OR WNGRSY CAN MAKE

s St GRAVITATIONAL WAVES.

e — -

— ‘4\‘

EVERYTHING WITH MASS o =

= \e

/A
IF YOU AND | STARTED TO

“WE WOULD ALSO CAUSE

DANCE AROUND EACH OTHER,

JORGE CHAM © 2016
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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.

sl

JORGE CHAM © 2016

W et

FOR EXAMPLE, THE REASON THE EARTH GOES AROUND THE orr ] STt
SUN 1S THAT THE SN IS VERY MASSIVE, CAUSING A BiG '
DISTORTION OF THE SPACE AROUND (T,

\| ~ o
S, \
<X e BE
Black Hole
AROGD S0cH A B DISTORTION, J0u WiLL FIND THATIC HOW ORBITG WORK: THERE'S Mo
YOURSELE ACTUALLY MOVING IN A CRCLE. AROUND, JUST A BENDING OF THE SPACE.

VITATIONAL WAVES ARE PRODUCED & ,

EVERYTHNG WITH MASS \

WHENEVER MAGSES ACCELERATE, =

CHANGING THE DISTORTION OF SPACE. -, EVERYTUNG WITH MASE | — S
T W“sﬁﬂ GRAVITATIONAL WAVES. D — N >
A N F YOU AND | STARTED TO \
et ——— Ay ~ Q\\\& < % DANCE AROUND EACH OTHER, Lo
~ L N\ =™ WE WOULD ALSO CAUsE Nl

L8]
Potential Singularity Y

UtahFreePress.com
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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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Accretion Disk

Cygnus X-1 HDE 226868
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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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S2 orbit around Sgr A*
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VLBI = Very Long Baseline Interferometer
VERA = VLBI Exploration of Radio Astrometry

http://veraserver.mtk.nao.ac.jp/system/index.html
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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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EHT image

https://www.nao.ac.jp/news/sp/20190410-eht/videos.html
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MAGINE THAT SPACE IS A GIANT SHEET OF RUBBER...

THE MORE MASS, THE MORE
THAT SPACE GETS BENT AND
DISTORTED BY GRAVITY.

THINGS TUAT HAVE MASS
CAUSE TUAT RUBBER SHEET
TO BEND, LIKE A BOWLING
BALL ON A TRAMPOLINE.

FOR EXAMPLE, THE REASON THE EARTH GOES AROUND THE
SUN 1S THAT THE SUN IS VERY MASCIVE, CAUSING A BiG
DISTORTION OF THE SPACE AROWND (T,

F YOU ST TRY TO MOVE IN A STRAIGHT LINE
AROUND SUCH A BiG TISTORTION, YOU WILL FIND
YOURSELEF ACTUALLY MOVING IN A CRCLE.

THAT'S HOW ORBI(TS WORK: THERE'S NO
ACTUAL FORCE PULLING THE PLANETS
AROWND, JUST A BENDING OF THE SPACE.

GRAVITATIONAL WAVES ARE PRODUCED
WHENEVER MAGSES ACCELERATE, =
CHANGING THE DISTORTION OF SPACE. g

EVERYTHING WITH MASS
AND/OR ENERGY CAN MAKE
GRAVITATIONAL WAVES.
R IF YOU AND | STARTED TO
e DANCE AROUND EACH OTHER,
\ = WE WOULD ALEO CAUSE
\ B\ RIPPLES N THE FABRIC OF
SPACE AND TIME,

BUT THESE WOULD BE
EXTREMELY SMALL.
PRACTICALLY
UNDETECTABLE,

JORGE CHAM © 2016

AND ANYTIME THERE'S A NEW WAY TO
INVESTIGATE THE UNIVERSE WE DISCOVER

TS REALLY ABOUT LOOKING
FOR NEW THNGS THAT WE
DIDN'T KNOW EXISTED...

THINGS THAT WE DIDN'T EXPECT.

..EXAMINNG THE
EXTREME EDGES OF OUR
KNOWLEDGE OF PHYSICS...

...AND TESTING OUR
THEORIES ABOUT How
THE UNIVERSE WORKS,

WWW.PHDCOMICS.COM

CREATED BY: UMBERTO CANNELLA, DANEL WHITESON AND JORGE CHAM
SPECIAL THANKS TO AIDAN BROOKS, FLIP TANEDO AND LiGo!

JORGE CHAM © 20
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MAGINE THAT SPACE IS A GIANT SHEET OF RUBBER...

TS REALLY ABOUT LOOKING
FOR NEW TUNGS THAT WE

> DIDNT KNOW EXISTED...
TUINGS TUAT HAVE MASS THE MORE MASS, THE MORE

CAUSE THAT RUBBER SHMEET THAT SPACE GETS BENT AND
TO BEND, LIKE A BOWLING DISTORTED BY GRAVITY.

BALL ON A TRAMPOLINE. EXAMINING THE

EXTREME EDGES OF OUR

JORGE CHAM © 2016

THE UNIVERSE WORKS.

FEN 6 TUAT TVE, S 6, VERY VACANE, CAUSNG A Bi6 WWW.PHDCOMICS.COM

DISTORTION OF THE SPACE AROUND (T CREATED BY: UMBERTO CANNELLA, DANEL WHTESON AND JORGE CHAM
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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 ltaly, 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/GW170104.php a4
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Figure 3. The CAD drawing of the cryogenic payload under Type-A (left) and
the schematic of the cryogenic suspension system of sapphire test masses (right).
Suspension stages outside of the outer shield are at room temperature.
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L » - b d B V""GO, KAG‘V

KAGRAS
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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,,
logation, 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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Gravitational Wave Projects

Observation Period

2015 2016

2017 2018

2019 2020

2021

Sepl12 Jan19

Nov30

Aug25

LIGO

Apr1—Sep 30 Nov1— Mar27

Virgo

f Public Alert started from O3a

LIGO Data
Replicator

COVID-19 terminated O3b
120 - 130 Mpc

LVK analysis papers started
from O3b scientific results.

03a g 03b
60-80 Mpc 60-100 Mpc
Aug 1-25 Apr1—Sep 30 Novl— Mar27
03a g 03b
30 Mpc 50 Mpc
\ Apr7-21
https://gracedb.ligo.org
Thu Aug 15 GraceDB — Gravitational-Wave Candidate Event Datal KAG RA I
e, Ty —— | = joined Oct 2019
d rch re: fault he query help for inf h f d -I MpC

https://monitor.ligo.org/gwstatus

Gravitational Wave Events ()
LIGO/Virgo alerts from GCN
Peter Kramer

Free

Gravitational
Wave Events

1249995888.757789 1249995889.757789 1249995690.757789 1436e-08 Zor 001013

1249852255.996787 1249852257.012957 1249852258.021731 2.033¢-33 2000 -08-14 21:11:18

PYDAOK 1249338008 496141 1249338099.496141 1249338100.496141 3 366e-08 2019-08-08 22:21:45

® 50 events in total

7/1248331529.706055

11111

~  Software~  Online Tools~

Chirp - gravitational wave app @)
signal alerts and updates

Laser Labs
Designed for if

Pad

The Gravitational Wave Open Science Center provides data from
gravitational-wave observatories, along with access to tutorials and

https://www.gw-openscience.org

>

About GWOSC~

software tools.

Hisaaki Shinkai (Osaka Institute of Technology) JGRG30 (online) December 8, 2021

2020/10/28

2021/8/2 ® 90 total

2021/11/5
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O1 (2015/9/12 - 2016/1/19)

Masses in the Stellar Graveyard

in Solar Masses

EM Neutron Stars

GWTC-2 plot v1.0
LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern

GW150914: the first ever detection of gravitational waves from the merger of two black holes more than a billion light years away
https://media.ligo.northwestern.edu/gallery/mass-plot

Hisaaki Shinkai (Osaka Institute of Technology) JGRG30 (online) December 8, 2021

3 BHBH
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GW transient catalog

02 (2016/11/30 - 2017/8/25) ater 02 : GWTC1 (2018/12/3 released)

Masses in the Stellar Graveyard

in Solar Masses

EM Neutron Stars

.o.o ~
L ENE R I A A
[ 8 T4 %o . P
® o tet, telae s a

'] .

GWTC-2 plot v1.0
LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern

GW170814: the first GW signal measured by the three-detector network, also from a binary black hole (BBH) merger;
GW170817: the first GW signal measured from a binary neutron star (BNS) merger — and also the first event observed in light,
by dozens of telescopes across the entire electromagnetic spectrum.

https://media.ligo.northwestern.edu/gallery/mass-plot
Hisaaki Shinkai (Osaka Institute of Technology) JGRG30 (online) December 8, 2021

10 BHBH
1 NSNS
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GW transient catalog

03a (2019/4/1 - 2019/0/30)  After 03a : GW T C2 (2020/10/28 released)
Masses in the Stellar Graveyard

in Solar Masses

EM Neutron Stars

GWTC-2 plot v1.0
LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern

GW190412: the first BBH with definitively asymmetric component masses, which also shows evidence for higher harmonics

GW190425: the second gravitational-wave event consistent with a BNS, following GW170817

GW190426_152155: a low-mass event consistent with either an NSBH or BBH

GW190514_065416: a BBH with the smallest effective aligned spin of all O3a events

GW190517_055101: a BBH with the largest effective aligned spin of all O3a events

GW190521: a BBH with total mass over 150 times the mass of the Sun

GW190814: a highly asymmetric system of ambiguous nature, corresponding to the merger of a 23 solar mass black hole with a 2.6 solar mass
compact object, making the latter either the lightest black hole or heaviest neutron star observed in a compact binary

GW190924 021846 likely the lowest-mass BBH, with both black holes exceeding 3 solar massesONIINE)  Lecember 8, 2021

46 BHBH
2 NSNS

2 BH+?
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GW transient catalog

03b (2019/11/1 - 2020/3/27) After 03b : GW T C =3 (2021/11/7 released)

Masses In the Stellar Graveyard

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars EM Neutron Stars

o1 1
OIOJONNG
®lle

LIGO-Virgo-KAGRA | Aaron Geller | Northwestern

https://media.ligo.northwestern.edu/gallery/mass-plot

Hisaaki Shinkai (Osaka Institute of Technology) JGRG30 (online) December 8, 2021 18



2. LV Observational Results

GWTC-3

Masses in the Stellar Graveyard

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars
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Hisaaki Shinkai (Osaka Institute of Technology) JGRG30 (online) December 8, 2021
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2. LV Observational Results

GWTC-3

Masses in the Stellar Graveyard

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Nel Existence of IMBH over 150 M |
sun -

No gap over 90 Msun !

A peak ét 35 Msun in BH 00992 2 oL 4 I_'-: T # T 1411 T 19407 114791449 ‘ |

jul

mass distribution ?

k

Compact objects Hyper-massive NS ? Ultra-light BH?
in 3-5 Msun mass gap ? Exotic Object?

GO-Virgo-K/Less BNS than expected ? "_

Hisaaki Shinkai (Osaka Institute of Technology) JGRG30 (online) December 8, 2021
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Surface

Ocean surface

Fig. 1| llustration of how in the future relativistic geodesy might be done with clocks. The geoid is an
equipotential surface of the Earth's gravitational potential, indicated by the black line. While the mean
ocean surface is closely aligned with the geoid, the surface of land can significantly differ. Placing one
clock at sea level and one at an inland location allows to determine the geoid height via a frequency
comparison between the clocks.

K.Bongs & Y.Singh, Nature Photonics 14 (2020) 408
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