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TUINGS TUAT HAVE MASS THE MORE MASS, THE MORE
CAUSE TUAT RUBBER SHEET THAT SPACE GETS BENT AND
TO BEND, LIKE A BOWLING DISTORTED BY GRAVITY.
BALL ON A TRAMPOLINE.

8
@
:
3
3

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

€ YOU JUST TRY TO MOVE N A STRAIGHT LING e
AROUND SUCH A BiG DISTORTION, YOU WILL FIND e nORKA T S )
YOURSELF ACTUALLY MOVING IN A CIRCLE. AROUND, JUST A BENDING OF THE SPACE.




MAGINE THAT SPACE 1S A GIANT SHEET OF RUBBER...

TUINGS TUAT HAVE MASS THE MORE MASS, THE MORE
CAUSE TUAT RUBBER SMEET THAT SPACE GETS BENT AND
TO BEND, LIKE A BOWLING DISTORTED BY GRAVITY.
BALL ON A TRAMPOLINE,

JORGE CHAM © 2016

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

Black Hole

F YOU JUGT TRY TO MOVE N A STRAGHT LING TP
AROUND SUCH A BiG DISTORTION, YoU WILL FIND O onr i & b

YOURSELF ACTUALLY MOVING IN A CIRCLE. AROUND, JUST A BENDING OF THE SPACE.
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Potential Singularity Y
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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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Mass Transfer

\

Cygnus X-1 HDE 226868



Mass Transfer

Accretion Disk
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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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Zooming in on the centre of the Milky Way

://www.youtube.com/watch?v=XhHUNVEKUY8 (1:15)
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555”%53”22 (AGN, active galactic nuclei)

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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Taken from the 22 November 1919 edition
of the lllustrated London News.

Coverage in the (more excitable)
New York Times.

LIGHTS ALL ASKEW
"IN THE HRAVAXS

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.
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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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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
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"gravitational waves explained”

IF YU JUST TRY TO MOVE IN A STRAIGHT LINE Gy
AROUND SUCH A BIG DISTORTION, YOU WILL FIND e ORI MoRs R o).

YOURSELF ACTUALLY MOVING IN A CIRCLE. AROUND, ST A BENDING OF THE SPACE.

THE EFFECT OF A GW 1S SO MINUSCULE AND SCENTISTS HOPE TO (DENTIEY THE
EASILY CONFUSED WITH RANDOM NOISE, YOU PATTERNS OF GRAVITATIONAL WAVES BY
. . NEED A SMART DATA ANALYSIS TECHNIGUE. S%EARING T™E arlrleeu:s THEY MEASURE
. [ EXPERIMENT TO THE WIGGLES THEY
Gl Al s et ;‘\‘_\\ EXPECT FROM GRAVITATIONAL WAVES. o
NGING TORTION SPACE. EVERYTHING WITH MASS -
Stople T e OF SPACE. 4 AND/OR ENERGY CAN MAKE N ot e
= A = GRAVITATIONAL WAVES. '
=3 > N IF YOU AND | STARTED TO
- = & j 3 DANCE AROUND EACH OTHER, Y. : |
WE WOULD ALSO CAuce | TS LIKE TRYNG TO
RIPPLES IN THE FABRIC OF (DENTIEY A SONG BEING

SPACE AND TIME, 2 HUMMED AT A NOISY PARTY.
- - A VERY VERY NOISY PARTY.

BUT TUESE WOULD BE
EXTREMELY SMALL.
PRACTICALLY
UNDETECTABLE,
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http://gwcenter.icrr.u-tokyo.ac.jp

g7KR XDFESR (1968/70)

) ap—/ =
Joseph Weber

Joseph Weber (pictured), a physicist at the University of Maryland in
College Park, believed that gravitational waves were real. In 1969, he
announced that he had found them with a detector of his own invention: an
aluminium cylinder, about 2 metres long and 1 metre in diameter, that ‘rang’
when it was struck by such a wavez. His result was never replicated, and
was eventually rejected by nearly everyone except Weber himself.

Nonetheless, his work drew many other researchers into the gravitational
wave field.
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http://www.nobelprize.org/nobel_prizes/physics/laureates/1993/illpres/discovery.htmi
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.ﬁm The Nobel Prize in Physics 1993
2 Russell A. Hulse, Joseph H. Taylor Jr.

Share this: Kl B8 E2 25

The Nobel Prize in Physics
1993

-y

Russell A. Hulse Joseph H. Taylor Jr.
Prize share: 1/2 Prize share: 1/2

"for the discovery of a new type of pulsar, a
discovery that has opened up new
possibilities for the study of gravitation”
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Laser Interferometer Gravitational-Wave Observatory (1992&FFHK:R)
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Puddle Interference The concept of interference shows up in
everyday life in bodies of water, from puddles to oceans.
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A LASER beam is
split up.
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“We had detected gravitational waves. We did it. ”
“Bal3, ENRERLELEE. ©OEITREDE.”

https://www.youtube.com/watch?v=aEPIwWEJmZyE
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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.NZPaW2L T.dpuf

http://ligo.org/detections/GW170104.php 0
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Cameron McEvoy wears his passion on his swimming
cap

Swimmer and physics student Cameron McEvoy is sporting the signature of a gravitational wave on his cap.
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Cameron McEvoy wins a 100m heat with the gravitational wave on his Bond University club cap. Source:AAP

The discovery has made a big impression on McEvoy, 21, whose heroes tend to be
scientists rather than swimmers.

“It’s the 100th anniversary of Einstein’s general theory of relativity, which is his
theory of gravity and coincidentally, physicists at Advanced LIGO (observatory)
discovered gravitational waves, which is the stretching and contraction of space-time
itself — everything we move in and pretty much what the universe is,”’ he said.
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Cravitational Waves Dress | Shenova Fashion | Shenova

& shenovafashion.com

G

GRAVITATIONAL WAVES DRESS

#r % # & ¥ 6 reviews
$179.00

SIZE

X-SMALL SMALL MEDIUM L

XX-LARGE X-SMALL WITH 15" SLEE\
SMALL WITH 15" SLEEVES MEDIUM'
LARGE WITH 15" SLEEVES X-LARGE

XX-LARGE WITH 15" SLEEVES

ADDTOC,

Want to wear the fabric of space time?

Celebrate the discovery of gravitational wave
first glance, you see plaid. Look a bit further
data from the LIG0 detectars. It's a classic |

educational twist.

Laura Cadonati
108118 1:22 - 1,

Posting for a bit of comic relief: "It's like a better version of Ms Frizzle!!"

Thanks to Gabriela Gonzalez for the dress, a rite of passage of sort?
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Instagram-post by GeorgiasTech « Oct 4, 2017 at 7:14pm UTC
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Gravitational Waves Tie | Zazzle.com
/O 100% Satisfaction Sell on Zazzle Signin @) =
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LAST DAY Up to 50% Off Greeting Cards, Custom Postage, Stickers & More | 15% Off Sitewide | Use Code: CREATIVEDEAL |

See Details

Gravitational Waves Tie S44.30
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Independent artist’s content may not match model depicted; RealView™ technology illustrates fit and usage only.
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GW170817

Gamma rays, 50 to 300 keV GRB 170817A
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GW170817

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 galaxy located 130 million light years distant
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potassium calcium scandium titanium vanadium chromium manganese iron cobalt nickel copper zinc gallium germanium arsenic selenium bromine krypton
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rubidium strontium yttrium zirconium niobium molybdenum technetium ruthenium rhodium palladium silver cadmium indium tin antimony tellurium iodine xenon
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cesium barium lanthanides hafnium tantalum tungsten rhenium osmium iridium platinum gold mercury thallium lead bismuth polonium astatine radon
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francium radium actinides rutherfordium dubnium seaborgium bohrium hassium meitnerium darmstadtium roentgentium copernicum nihonium flerovium moscovium livermorium tennessine oganesson
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(rare earth metals) lanthanum cerium praseodymium neodymium promethium samarium europium gadolinium terbium dysprosium holmium erbium thulium ytterbium lutetium
138.9 140.1 140.9 144.2 145 150.4 152.0 157.3 158.9 162.5 164.9 167.3 168.9 173.0 175.0
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actinium thorium protactinium uranium neptunium plutonium americium curium berkelium californium einsteinium fermium mendelevium nobelium lawrencium
227 232.0 231.0 238.0 237 239 243 247 247 251 252 257 258 259 262
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JGW-G1910627
DARM Sensitivity
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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 purpese of this Memorandum of Agreement (MOA) is 1o esteblish and define a collaborutive
relationship between VIRGO, KAGRA and the Laser Interferometer Gravitational Wave
Observatory (LIGO) w develop and exploit laser interferometry (o measure and study gravitational
waves.

We enter into this agreement in,gsder o 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, nol competition. Furlthermore, we remain open o participation of new parlners,
whenever additional data can add scientific value to the detection and study of gravitational waves.
All parters in the world-wide collaboration should have a fair share in the scientific govemance
of the collahorative work

Among the scientific benefits we hope to achieve from this coll. on are: better i mn
detection of signals, better duty cycle and sky coverage for searches, better estimation of the,,
lpgatipp, 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, estublished 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 LIGO,..
VIRGO, and KAGRA

We refer to the joint hodies of the LIGO Scientific Collaboration (1.SC), the Virgo Collahoration,
and the KAGRA Collaboration as ‘LVKC' in this document for brevity. The three Collaborations
maintain their independent existence and may have differing (but not mutuzally incompatible) rules
and procedures in some domains,

w N E DR

(I
=111

ok



ALIG0O

LIGO

LIGO Scientific Collaboration
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Stanford University
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Texas Tech University

Tririty University

Tsinghua Universty
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Uriversity of Alabama in Huntsvile
Uriversity of Brussels

Uriversity of Chicago

University of Florida
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whitman Coliege

LIGO Laboratory: Calforne insatute of Technology. Massachusetts Insutute of Technology. LIGO Hanford Observasory. UGO Lvingston Observatory

Ausralian Consorsum foe inl
Austrafian National Universiy, Chares Sturt University, Monash Unih

GermaryBriish Collaboration for the Detection of Graviational Waves (GEOS00)

terometric Graviational Astronomy (ACIGA)
sity, University of Adelaide, Uni

sity of Melboume., Universty of Western Australia

Cardift University. Leidnz Universitiat Hannover, Albert-Einstein institut, Hannover, King's College London, Rutheriord Appieton Laboratory.
University of Bimingham, Unwersty of Cambridge, Universiy of Glasgow, University of Mamburg, Usiversity of Sheffield,

Unwersity of Southamptan, University of Strathclyde, University of the West of Scosand
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860 authors
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Virgo Collaboration

Virgo is a European collaboration with about 360 authors from 89 institutes

Advanced Virgo (AdV) and AdV+: upgrades of the Virge interferometric detector

Parlicipation by scientists from France, Italy, Belgium, The Netherands, Pcland, Hungary, Spain, Germany

= Institutes in Virgo Steering Commitice

- APC Paris = INFN Parugia - LAPP Annecy - RMKI Budapest

- ARTEMIS Nice = INFN Pisa - LKB Paris = UCLouvain, ULiege
IFAF Barce'ora INFN Rama La LMA Lyon Univ. of Barcelona

= ILM and Navier Sapienza - Maastricht University = University of Sannic

- INFN Firenze-Urbino - INFN Ruma Tor Vergala = Niknel Amslerdam = Univ. of Valencia

= INFN Genava ~ INFN Trento-Padova - POLGRAW(Paland) = University of Jena

- INFN Napoli - LAL Orsay ESFCI Paris = University Nijmagen

Advanced Virgo preject has been formally
completed on July 31, 2017

Part of the international network of 2nd
generation detectors

Started O3 run on April 1, 2018

8 European countries

[ =
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Kingdom

Meldavs
Mungary
Romania

Serbia b

Buigaria
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465 members
360 authors
6 groups
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00 authors
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