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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
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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
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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!
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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
SPECIAL THANKS TO ADDAN BROOKS, FLIP TANEDO AND LiGO!

www.phdcomics.com

“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 (DENTIFY THE
EASILY CONFUSED WITH RANDOM NOISE, YOU PATTERNS OF GRAVITATIONAL WAVES BY
. . NEED A SMART DATA ANALYSIS TECHNIGUE. S%EARM THE a\\#eeuzs THEY MEASURE
. [ EXPERMENT TO THE WIGGLES THEY
Gl Al s et ;‘\‘_\\ EXPECT FROM GRAVITATIONAL WAVES. o
T SPACE. EVERYTHING WITH MASS -
CHANGING THE DISTORTION o{:‘ fA,__,_4 AD/OR By CAL TAATe = 3 ‘ "*‘\'U\‘W‘
= A e GRAVITATIONAL WAVES. '
=3 > N IF YOU AND | STARTED TO
- = & j 3 DANCE AROUND EACH OTHER, Y. : |
WE WOULD ALSO CAUSE : TS LIKE TRYING TO
RIPPLES IN TUE FABRIC OF (DENTIFY A SONG BENG

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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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 wavez2. 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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Radio emission

Magnetic fields

Radio emission  AXis
of rotation
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http://www.nobelprize.org/nobel_prizes/physics/laureates/1993/illpres/discovery.html
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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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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 3]
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Laser Interferometer Gravitational-Wave Observatory (LIGO,5 UL\ )
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Michelson Interferometer

MIT Department of Physics
Technical Services Group




PHYSICAL REVIEW LETTERS week ending

PRL 116, 061102 (2016) 12 FEBRUARY 2016
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FIG. 3. Simplified diagram of an Advanced LIGO detector (not to scale). A gravitational wave propagating orthogonally to the
detector plane and linearly polarized parallel to the 4-km optical cavities will have the effect of lengthening one 4-km arm and shortening
the other during one half-cycle of the wave; these length changes are reversed during the other half-cycle. The output photodetector
records these differential cavity length variations. While a detector’s directional response is maximal for this case, it is still significant for
most other angles of incidence or polarizations (gravitational waves propagate freely through the Earth). Inset (a): Location and
orientation of the LIGO detectors at Hanford, WA (H1) and Livingston, LA (L1). Inset (b): The instrument noise for each detector near
the time of the signal detection; this is an amplitude spectral density, expressed in terms of equivalent gravitational-wave strain
amplitude. The sensitivity is limited by photon shot noise at frequencies above 150 Hz, and by a superposition of other noise sources at
lower frequencies [47]. Narrow-band features include calibration lines (33-38, 330, and 1080 Hz), vibrational modes of suspension
fibers (500 Hz and harmonics), and 60 Hz electric power grid harmonics.
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“We had detected gravitational waves. We did it. ”
“Bal3, ENRERELE. POEITREDFE.”

https:.//www.youtube.com/watch?v=aEPIwEJmZyE
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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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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 LIGO detectors. It's a classic |

educational twist.

Laura Cadonati
108118 1:22 - &

&

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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@ Nobelprize.org
The Official Web Site of the Nobel Prize ° Video @ Podcast oAbOUt Us

Nomination Ceremonies Alfred Nobel Educational Events

“For the greatest benefit to mankind”
lfhed VoAt

2017 NOBEL PRIZE IN PHYSICS

Rainer Weiss
Barry C. Barish
Kip S. Thoxne

’l

S "for decisive contributions to the
LIGO detector and the observation
of gravitational waves"
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83 (periodic table)
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cesium barium lanthanides hafnium tantalum tungsten rhenium osmium iridium platinum gold mercury thallium lead bismuth polonium astatine radon
132.9 137.3 178.5 180.9 183.8 186.2 190.2 192.2 195.1 197.0 200.6 204.4 207.2 209.0 209 210 222 | EEETHR
87 +1/88 +2 89—103 104 105 106 107 108 109 110 11 112 113 114 115 116 117 118 lﬁﬁi%
Fr Ra 7o7/48  Rf Db Sg Bh Hs Mt Ds Rg Cn Nh Fl Mc Lv Ts Og
eI IN SSYL 1 6d SHR—UYA | KFI=wA | s—m—®ua | w—ymL novnh | wardumn [#—nzeFon| Loks=ya | axi=oya TP| =#=ws | suoews | ERaE9L | uszEusL FHY AHAY
francium radium actinides rutherfordium dubnium seaborgium bohrium hassium meitnerium darmstadtium roentgentium copernicum nihonium flerovium moscovium livermorium tennessine oganesson
223 226 261 262 266 264 277 268 281 272 285 284 289 288 292 293 294
S/ 57 +3]58 +3,4[59 +3,4]60 +3[61 +3[62 +3,2[63 +3,2[64 +3]65 +34[66 +3]67 +368 +3[69 +32[70 +3,2[T1 +3
lanthanides La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
(LT T —ARERE) T 4] Su8Y L ULZFN TS5tFT L RADL TAAFY L RIEULZIN aaEY L HRY=H L FILES L SRTAYY L RILEY L ILEDL PULIVN AYTILED L VTFF9 L
(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
TOF/AL 89 +3[90 +4[91 +54(92 +634,5(93  +534,6(94  +4356(95  +34,56[96 +3[97 +3,4(98 +3[99 +3(100 +3(101 +3,2(102 +2,3(103 +3
actinides Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
¥ 5f FIOFZIL ™ L TarToOF= L o3y RIY=H L TIb=9 L FTHA)OI L EEUA N IN=D1)5 L HIRIWZD L [FAVREAZI L TZUEIL AUTLED L Vo VLvFN A—L2i L
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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© NASA

The Corona

- The lonized elements within the corona in
The Convection Zone — A / the x-ray and extreme ultra'\‘nuiet m:;‘ls

B NASA instruments can the Sun's corona at
Energy continues to move toward the surface < thmmmnnpwnmls
through convection currents of heated and -~ . quite dim in these wavelengths
cooled gas in the convection zone. - - :

N -
! '..«‘W q‘g-““

LA
The Radiative Zone .
&n}'mmm

A g Sy 3 !
more than 170,000 years to radiate through «,,.,.h.: il Wt
the layer of the Sunknown as the radiative .~ v "0 3

' ” e R » a
zone. RPN IR TR oy creating extreme temperatures deep within the
\ oY YR A A R B £
" ' ' 5 e LN "\'*:" . : Sun's Cory o
, i b o e R AR el _. oy
A . 4“"' = gecar __f“.‘ ¢ - &
‘ 7: /‘; {: --_" v ¢:‘¥ M f‘ £ '3 e, 4 ) y
: ' » B .'/‘\"\‘ ‘.‘,"I‘-'b ‘1 3 .« }\tﬂ - "‘w’ :n.' Y :
5 S a R Us X By Wi AT mv ¥ ‘
W o L SR Y OB SR 37 S g, The Chromosphere
et ‘i«“"-, Ll e ;- - 44 el ek
Co tre : W L W TR T The relatively thin layer of the Sun called the
I'ms ~ - 3 5 'n ~ . : -
ronaIS - - e f “'. - j:-.s : - o o > chromosphere is sculpted by magnetic field lines
“x . . e - Lt »? »
The outward-flowing plasma of the corona o 4 .4‘04_:».} Y T ) that restrain the electrically charged solar plasma.

is shaped by magnetic field lines into tapered R ’ «7 =%« 7 Occasionally larger plasma features—called

forms called coronal streamers, which extend e . T * . prominences—form and extend far into the very
millions of miles into space. “» ‘ tenuous and hot corona, sometimes ejecting
- - material away from the Sun.
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hydrogen A TR (HEE) — copper
1.008 1 EEELHR 63.55 —~BFE
3 +1[4 2| | Rt
Li Be [ wacan [ Jawesnn
2s UFY L VUL N
lithium beryllium
6.941 9,012 Cwacns [ Jewumsmes [ |settmasosnsnsisk
11 +1[12 +2
Na Mg
3s FRyL 2T RO L 3 4 5 6 7 8 9 10 1
sodium magnesium 1B IVB VB ViB Vil B Vill B Vil B Vil B 1B
22.99 24.31 )
19 +1|20 +2 21 +3|22 +4,3,2(23  +52,34|24 +3,2,6(25 +2,3,4,6,7|26 +3
K Ca Sc Ti \') Cr Mn Fe
4s|  pywo A 3d| apoumn 50 S eI PN < Ay %
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Kamioka Gravitational wave detector
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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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KAGRA (»

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,
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ALIG0O

LIGO

LIGO Scientific Collaboration

Abllene Christian University
Alben-Einstein institut

Andrews University

American Unwersity

Californvia Institute of Technalogy
Califorria State Univ, Fullertor
Canad; Th. Assrophysics
Carleton Colege
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E0tvOs Lornd University
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Nortrrwestem University
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-
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Penn State University

Rochester Institute of Technology
Sonoma State University
Southern Univ. and ASM College
Stanford Unwersity

Syracuse University

Szeged Universty

Texas Tech University

Tririty University

Tsinghua Universty
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University of Alabama n Huntsvile
University of Brussels

Uriversity of Chicago

University of Florida

Urwversity of Marylana
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Ursversity of Minnesota
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UnMiwaunces

Northwestern

Tech

LIGC Laboratory Calforne insatute of Technology. Massachusetts Insutute of Technology LIGO Hantord Observatory. UGO Lyingston Odservatory

Auswalian Consorsum foe interter
Austrafian National Universiy. Charles Sturt University. Manash Universa

{ACIGA).
sity of Melboune, Universty of Western Australia

etric Graveational Aston
 University of Adelaide, U

Germar/Brush Collaboraton for the Desection of Graviatonal Waves (GECS00)
Cardift University, Lednz Universitit Hannover, Albert-Einstein institut, Hannover, King's College London, Rutheriord Appieton Laboratory
University of Bemingham, Unwersty of Cambridge, Universiy of Glasgow. University of Mambiurg, Usiversity of Sheffied,
University of Southampton, University of Strathciyde, University of the West of Scotand

1330 members
860 authors
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20

1 groups
countries
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M2JINIRG

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 Netherdands, 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

[ =

United Denmark Lithuania
Kingdom

Meldavs
Romania

Serbia b

Buigaria

(e

465 members
360 authors
6 groups
countries

NT—7

360 members
200 authors
110 groups
14 regions
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KAGRA 20205F2H25H, #HIF

CURRENT LOCK DURATION
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Al X4 <2 —J)v (Observation 1/2/3a/3b)
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Gravitational Wave Transient Catalog

2018/12/3 GWTC-2

2020/10/28
Gravitational Wave Open Science Center
‘ GWTC-2.1
ware~ Online Tools~ About GWOSC~ 202] /8/2
The Gravitati i i =
gravitational-wave observatories, along with access to tutorials and SUNE=2
software tools. 202" /'I 'l /5

https://www.gw-openscience.org
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01 (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

3 BHBH

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

BEERE TEHRER HDh>klE HHASKBRVNIE] 2022/6/5 TELUEZERYNI—IE28EHEES 83


https://www.ligo.org/detections/GW150914.php

B RER D IRIR
02 (2016/11/30 - 2017/8/25) After 02 : GWTC1 (2018/12/3 released)

Masses in the Stellar Graveyard

in Solar Masses

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 10 B H B H
(BBH) merger;

GW170817: the first GW signal measured from a binary neutron star (BNS) merger — and also the first 1 N S N S
event observed in light, by dozens of telescopes across the entire electromagnetic spectrum.

https://media.ligo.northwestern.edu/gallery/mass-plot
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https://www.ligo.org/detections/GW170814.php
https://www.ligo.org/detections/GW170817.php

R ER O BER
03a (2019/4/1 - 2019/9/30) After 03a : GWTC2 (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 G\W170817

GW190426_152155: a low-mass event consistent with either an NSBH or BBH 46 B H B H
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 2 N S N S
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 2 B H —|- ?
GW190924 021846: likely the lowest-mass BBH, with both black holes exceeding 3 solar masses
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https://www.ligo.org/science/Publication-GW170817BNS/
https://www.ligo.org/science/Publication-GW190521/
https://www.ligo.org/science/Publication-GW190814/

SHA4E|WISH

2P F R

Chronological Scientific Tables
2022

ROXXS N

AREE

= 50 events in total
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&L, SERIBIEEEY I 2L —Ya itk h, GBI I I R—UAEL BGEEIT
77y 7 R—IVIREOEFIZE>THRIEETLAEONS, TNSDETIVEENE
FHECHEONBESOHEE2 22T, HE TS5y 2R —)L (BIF BBH) X E i
T2 (BNS), BLUHMHTFE - 75 v 7 Fx—)LilE (NSBH) O AKEREKIC X 2EAMOMK
H, BEC, T A =R HEED 2015 FELKATHEIZ 2 5 72

EAREOEBR N ETIZ, KO L —¥—T¥E LIGO, Virgo IZ2& > TC, O3a &L
NABRAMKR T £ T2, BBH I L BENHEH 46 #il, BNS IZ KB EHEH 2 HlEE S0
TW3. AAD KAGRA (< 5) b O3b B OB IZHRBIIZA > 72, 03b
DEIFA XY ML 2021 £ 7 ARFSTRAERTH 5. BiE, FTHFHIROBIIBR 04
(2022 EE 25 1 EMOFE) R TEHNEEE2 L5720, THGTOoRRTTHS.

FHEA NV ML, BHIZWAZEAHZHAWT, GW150914 D TIN5, 03a #
X0, BOBEMAZABERE o7z, EHKEA XY MIOERERZE S N, ZiE
BGIEBHDTEEIZ R > TWE D, T TILRIEIRE X N0 GW170817 DA T
H5b.
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12 36° DEEE2ET.)
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EHKME. (I 2 ICHMIE. BBHIZDWTIE, SNRAT13.1 KD KEVWLDDAH. )
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% 2 EOBMM
BT Advanced LIGO Advanced Virgo KAGRA
£ A H #® A H £ A H # A H £ A H # A H

o1 2015 912 -2016 1 19 - -
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1 X (BBH) M.(Mg) BRI Xet  Mana(Mo) HHE (Mpc) (A0)2  SNR
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Masses In the Stellar Graveyard

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

Solar Masses

LIGO-Virgo-KAGRA | Aaron Geller | Northwestern
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0O3b (2019/11/1 - 2020/3/27) After O3b : GWTC3 (2021/11/7 released)

Masses In the Stellar Graveyard

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

Solar Masses

LIGO-Virgo-KAGRA | Aaron Geller | Northwestern
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0O3b (2019/11/1 - 2020/3/27) After O3b : GWTC3 (2021/11/7 released)

Masses in the Stellar Graveyard

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