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

Nomination Ceremonies Alfred Nobel Educational

“For the greatest benefit to mankind”

9017 NOBEL PRIZE IN PHYSICS
Rainer Weiss

Barry C. Barish
Kip S. Thoxne

’

Ly~ "for decisive contributions to the
' LIGO detector and the observation
of gravitational waves”
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sources of gravitational wave

http://gwcenter.icrr.u-tokyo.ac.jp/
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lj T —) \— 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
Joseph \Weber by nearly everyone except Weber himself. Nonetheless, his work drew many other researchers into the gravitational wave field.
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;fﬁ The Nobel Prize in Physics 1993
2 Russell A. Hulse, Joseph H. Taylor Jr.

Share this: |l B4 E4 2 25

The Nobel Prize in Physics

1993

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”

” Eé_j] [ICDUVLWTOEHUVVIAEZEIL V=,
FTED/NIVH—DFERRISHL T

ENROFEMSEZERNICIED D S,

14



TSy oR— LA EENEREDYT1L—3Y (1990FK—20005K)

SCIENCE

0 QvimaLe 1995
L 270 « Pacits 885-1088

L

2L —Y3aVHHARIE, BHIEHEULL DT,
; * 725w OmR—JLOED KL ?
- . * 8 IR\ DZE N

. — __ * #EAS (L, IBRZEDETE
22075 v HR—ILOEEE BENEEE il
(19954, NCSAZ)L—) ) ng@ SiRE

BERREET— 9D SHBEDENRERRT BHE(, ¥ 2—)\—-3vEa1-%

Gunnarsen-Shinkai-Maeda (94) OZ#/3%
15



299 7K—ILDEHIZTalL—Y3Y
¥/

;. } . \ [/

i
> J

NCSA-AEI group (1998)



EESHN S DETIRDRR (BEem T8

Fo=

?EE: \:\ T
i e
R
i
Inspiral
1.0 | \&O\k@
&H -
—— . o 05 i
(NCSA-AEIZIL—, 19984 S ENAANANANAAARARAAAD |
7 00
il o 8 Euuuuuuuuuuuu
E%T %_0.5 UWH“W““
Ty W [ RO RSO 555K
¥ Y SRR B R
ﬁi :llll|llll|llll|llll|llll|lllllllll
25 -0 -15 -0 -5 0 5
iFfE [ U] B DR

S mEmpacx



1044 - \ AT
o R B H = e g 5 N - N ) . O R AN
(s _10_22_.~ " 5 i T e AT TN, WATAS AL il -
| 1 | 1 |
-0.4 -0.3 —0.2 -0.1 0.0 K §
Time (s)

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 '8
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Laser Interferometer Gravitational-Wave Observatory (LIGO,5\\Z)
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https://mediaassets.caltech.edu/gwave
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Michelson Interferometer

http://techtv.mit.edu/videos/9823-michelson-interferometer start on click, last half, |1'45"



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. ”
“BRRIE, EORERELE. PORITFEDEE.”

https://www.youtube.com/watch?v=aEPIwEJm/ZyE
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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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Gravitational Waves Dress | Shenova Fashion | Shenova -+
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Thanks to Gabriela Gonzalez for the dress, a rite of passage of sort?
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Posting for a bit of comic relief: "It's like a better version of Ms Frizzle!!" ‘

Independent artist's content may not match model depicted; RealView™ technology illustrates fi

LIGO Hanford Data

2

-

‘l
\ I

:
Instagram-post by GeorgiasTech « Oct 4, 2017 at 7:14pm UTC
INSTAGRAM

)

YA Y/ \

L

Strain (10?%)

LIGO Livingston Data

Strain (10?")

b ! D axXviee’d o vIFITR

M - L L N S T LI vy R N Y T . Sy Nhibenes |1



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

Nomination Ceremonies Alfred Nobel Educational

“For the greatest benefit to mankind”

9017 NOBEL PRIZE IN PHYSICS
Rainer Weiss

Barry C. Barish
Kip S. Thoxne

’

Ly~ "for decisive contributions to the
' LIGO detector and the observation
of gravitational waves”
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Nobel Laureates in Physics 2017

“For the greatest beneﬁt to mankind”
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Laser Interferometer Gravitational-wave Observatory)® 3 &\, 2017 N OBEL PRIZE IN PHYSICS

BEEEEA (L, "for decisive contributions to the LIGO detector
and the observation of gravitational waves" (LIGO#& g8
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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)




GW170817 HEEREFEDSHENSDEINE VILFAYEIIv—RXFDHRE

E2ERIEFESHE ENRRL, Z<OXXSHI(EEFEA

STROPHYSICAL JOURNAL LETTERS, 848:L12 (59pp), 2017 October 20 Abbott et al.
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Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time 7. of the gravitational-wave event. Two types of information are shown for each band /messenger. First, the shaded dashes represent the times when 4 ‘I
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
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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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GW170817 FACTSHEET

LIGO-Hanford

observed by
source type

date
time of merger
signal-to-noise ratio

false alarm rate
distance

total mass

primary NS mass
secondary NS mass
mass ratio

radiated GW energy
radii of NSs

effective spin
parameter

effective precession
spin parameter

GW speed deviation
from speed of light

30°_~

o[
15h 12h
18h '

-30°

LIGO-Livingston

H, L,V

binary neutron star (NS)

%h

-30°

17 August 2017
12:41:04 UTC

32.4

< 1in 80 000 years

85 to 160 million
light-years

27310 3.29 M,
1.36 t0 2.26 M,
0.86 to 1.36 M,
0.4t01.0

> 0.025 Mc?
likely = 15 km

-0.01t0 0.17

unconstrained

< few parts in 101°

inferred duration from 30
Hz to 2048 Hz**

inferred # of GW cycles
from 30 Hz to 2048 Hz**

initial astronomer alert
latency*

HLV sky map alert latency”

HLV sky areaf

# of EM observatories that
followed the trigger

also observed in

host galaxy
source RA, Dec
sky location

viewing angle
(without and with host
galaxy identification)

Hubble constant inferred
from host galaxy
identification

2017/10/16

~60s

~ 3000

27 min

5hrs 14 min
28 deg?

~ 70

gamma-ray, X-ray,
ultraviolet, optical,
infrared, radio

NGC 4993
13h09m48s, -23°22'53"

in Hydra constellation

< 56° and < 28°

62 to 107 km s Mpc™’

Images: time frequency traces (top), GW sky map
(left, HL = light blue, HLV = dark blue,
improved HLV = green,
optical source location = cross-hair)

GW=gravitational wave, EM = electromagnetic,
M_=1 solar mass=2x103° kg,
H/L=LIGO Hanford/Livingston, V=Virgo

Parameter ranges are 90% credible intervals.
*referenced to the time of merger
**maximum likelihood estimate
T90% credible region
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ZHAR (periodic table)

E: 1 18
5 1A VIIl A
o
1 +1 RFES —|29 21| — BETED(4 DMK 2
H x%Es -] CUu |- ZZES/RROLORFATIEKSNTH He
1 1s K& 2 THRL(BAE) - # 13 14 15 16 17 AL
hydrogen A TEA (XKE) — copper A IVA VA VIA VIIA helium
1.008 | | EEEITHE 63.55 ~FE¥E —IEEFRBITHR 4.003
3 +1(4 2| | $BxTx +3(6 -4(7 -3(8 -2(9 -1(10
Li Be IR THLK BRI BA B C N 0 F Ne
2 2s| uyFvL SUDLIA 2p GES S =% CES TvEk ES
lithium beryllium boron carbon nitrogen oxygen fluorine neon
6.941 9.012 HERTHRA BRILRBEEA WEERGLIAD A NSELTHR 12.01 14.01 16.00 19.00 20.18
11 +1112 +2 13 +3414 -4115 -3/16 -2|17 -1118
Na Mg Al Si P S Cl Ar
3 38| jryma | =wrEemL 3 4 5 6 7 8 9 10 11 12 3P| rirz=ma rA% Yo % s Fay
sodium magnesium B IVB VB ViB VIl B VIl B VIl B VIl B IB B aluminum silicon phosphorus sulfur chlorine argon
22.99 24.31 26.98 28.09 30.97 32.07 35.45 39.95
19 +1|20 +2 21 +3|22 +4,32(23  +52,34|24 +3,2,6(25 +2,3,4,6,7|26 +3,2|27 +2,3|28 +2,3|29 +2,1(30 +2 31 +4,2033 -3|34 -2||35 -1||136
K Ca Sc Ti \'} Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
4 4s Ao L AN L 3d AN T L FHRY NFD9 L 904 AV % a/8)Lk % ] G 4p Ao L FIR=9 L E%x Lo LE 3 )Ty
potassium calcium scandium titanium vanadium chromium manganese iron cobalt nickel copper zinc gallium germanium arsenic selenium bromine krypton
39.10 40.08 44 .96 47.87 50.94 52.00 54.94 55.85 58.93 58.69 63.55 65.41 69.72 72.64 74.92 78.96 79.90 83.80
37 +1|38 +2 39 +3|40 +4|41 +5,3|42 +6,3,5(43 +7,4,6|44 +4,3,6,8| 45 +3,4,6|46 +2,4|47 +1|48 +2 49 +3|50 +4,2 +3,5152 -2|53 -1|54
Rb Sr Y Zr Nb Mo Ru Rh Pd Ag Cd In Sn Sb Te | Xe
S 98| euwn | zxkovFEeL 4l ohymn | crazen —47 277y | FoxFuL | ATz=n avs L RECEIN i ARSI B s 2X FUFEL S 3% Py
rubidium strontium yttrium zirconium niobium molybdenum technetium ruthenium rhodium palladium silver cadmium indium tin antimony tellurium iodine xenon
85.47 87.62 88.91 91.22 92.91 95.94 98 101.1 102.9 106.4 107.9 112.4 114.8 118.7 121.8 127.6 126.9 131.3
55 +1|56 +2 +4|73 +5|74 +6,4|75 +7,4,6|76 +4,6,877 +4,3,6|78 +4,2|79 +3,1(|80 +2,1 81 +1,3|82 +2,4|83 +3,5 +4,2085 86
Cs Ba Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
6 6s iDL AULFFN INTZJ L 25 BUGRTY L= L FRED L A1) L =k & k&R 6p EULIFN £ EXYR RO= L TAEIFY Sk
cesium barium 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 1EEBTHR
87 +1/88 +2 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118 FTETHR
Fr Ra
7T Ts| I50em. SUM L Sr—smn | FIzwn | o—R—%mn | K—uHL Ny | RqrRUSL | F—L28FOL| Lorszoa | axizomn Pl =s=mu | sroevs | ®=raews | unzuss FHRLY FHHRIY
francium radium actinides rutherfordium dubnium seaborgium bohrium hassium meitnerium darmstadtium roentgentium copernicum nihonium flerovium moscovium livermorium tennessine oganesson
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The Corona

- The lonized elements within the corona glow in
The Convection Zone - / the x-ray and extreme ultraviolet wavelengths.

NASA Instruments can image the Sun's corona at
Energy continues to move toward the surface

these higher energies since the photosphere is
through convection currents of heated and quite dim in these wavelengths
cooled gas in the convection zone. ]

oz

X
L
"y "‘ -
"}
The Radiative Zone .~ |
Energy moves slowly outward—taking e L% ¥ e Y Sun’s Core
more than 170,000 years to radiate through Y M £ St ! 3 cudi® 2
mmdm&n.nmmmm oati ‘ - K .,. ‘ ; Energy is generated by thermonuclear reactions
zone. o & . ¢ - ___ creating extreme temperatures deep within the
S 3 N BV g * Sun's core,
. . -“ & e ‘
- . . } 'd < o - ' -
- ot LR YL
: . e
- 2 28 Pl S The Chromosphere
¥ %o S P
mers - - L . The relatively thin layer of the Sun called the
COI‘OI'I8| Strea : N o _. - o= | chromosphere is sculpted by magnetic field lines
The outward-flowing plasma of the corona o T % & . . fthatrestrain the electrically charged solar plasma.

Occasilonally larger plasma features—called
prominences—form and extend far into the very

tenuous and hot corona, sometimes ejecting
material away from the Sun.

is shaped by magnetic field lines into tapered
forms called coronal streamers, which exiend
millions of miles into space.
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B8AZR (periodic table)
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Super-Kamiokande http://www-sk.icrr.u-tokyo.ac.jp/sk/

M-,
MAE ...
LT YT

e
s b
ey

AAm s s~

PRRRRRANR D
REERRRERRA D
DEEREREERER

L A I
.-
P
sAAAASASSSS

P X R

- AR AR AR, sss

LR B
S R R 2 B

Cred
' et
Iv-,,,.,.,',‘..tl

el
.t

L

X

I ER1E - A D EEILBFDZER
FEHMISRFEIT D I =-_a2—K ) /%

55



lmb

S B KAGR A(H<S

KRB RRETIRERR)

Kamioka Gravitational-Wave Observatory, (Large-scale Cryogenic Gravitational wave Telescope)
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KAGRA (Kamioka GW Observatory)
¢ Underground and Cryogenic interferometric gravitational-wave detector at Kamioka, Japan
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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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ENKEESE LIGO VIRGO KAGRA MR
ZO] 9/] 0/4 https://www.youtube.com/watch?v=rwOW24ArmFM

ol



TN 5‘ —T— E AN
ik BROTRNA Gy BRFERH & xusEs1X
=LA >2014FF F4LXXFERE BREERR
REER

%zomﬁg $ARKNFHRE BEER

1% EE s BE

2014F6 . HANIKERICEFZLTWVSE DK THETKAGRA
(IB)DRRILHAEEL, RAOS TSN -, KAGRAIZE., —
WMBkmEHAL—F—TFHET=H., BB EME SISO LG
HehHhIEXZL-EARAIE A,

DELIZIFR—IN—HZA AT ENSZa— ) JERIZEE A HY .
FEREBDREIZ=Z2—N)/ZFIHIDS

QU= mDIREADLL, FHFTEEOPNEFHEZST
EMTEHHD

AUD P EERERBNDELTEDD T, L—F—RBEDAT
FTORIZERENKLVDVS

@B NG —F—HDORED, EERITORET. BEHIEL

LYDVs




KAGRA(MK 5 KBUKREANREERE) THETDOIX

S

RWLWEEDER L LY, 750kmAZD:
p 300(ElFES LS

Alll

ULV —H —H8 L LY,
p 100EHEEZTE LS

el

==HF7/E550

(9
Yy
I

} 1|:|75"5/\u/%é—

L —H—HF =550

p L\ —H—F R

63



KAG RA(7'J\< S RRE:

13 m

mEBIJIREREE) THSTOIX

RO HIEIRE) CIENT 5K 5
} R D _FHJ: P,

= &R

\,—:|1||

B3N Z fo LY

p 2ERICL&ED
P 3FICLELS
P ARICLELS

AEERE
b U %

‘7$Inl|

B3 Z 7= L)

RCU&KD

=5213.5m

NXRILD2[E

hromb T3S

64



KAGRA(D'R S ! RBUERENKEEHR) THETDIXK

RORIREN THENTCOR S
mEZE LD
20K (Y1 FR250K)
ERECHZASNSFRMIE 7

b N\TH T 7147
22.8 kg

topfilterjﬁ dlameter chm

inverted pendulum ——] .

Nl 77777 thickness 1bcm
i standard fl|ter<
e heat links

A =

/ bottom fllter
g /|- outer shield (80 K) E

wmi

Y

platform __ >T ) 1'&;\.[?1 L: —g_ % %E Lj: f?
marionette \ig%

eat

link \t
d " . B l \ S X

4" N7 | | jj- /}”J
"~ ' duct shield (80 K IM
Q'otic OoP UCSIe\( ! (16 K)
main}as}er\ A M op rres
—_ (20 K)

g cooling bar o

'L%Aner shield (8 K) S 1£ \%: O

wide angle baffle”
777777777777777777777777

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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O1 (2015/9/12 - 2016/1/19)

Masses In the Stellar Graveyard

in Solar Masses

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

74


https://www.ligo.org/detections/GW150914.php
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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 (BBH) 1 O B H B H
merger;
* GW170817: the first GW signal measured from a binary neutron star (BNS) merger — and also the first event 1 N S N S

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
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5 SR ERAIDIRIA
0O3a (2019/4/1 - 2019/9/30) After O3a: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

e 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 4 6 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 NSNS
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 _|_ ?

o  (GW190924 021846: likely the lowest-mass BBH, with both black holes exceeding 3 solar masses

/6


https://www.ligo.org/science/Publication-GW190412/
https://www.ligo.org/science/Publication-GW190412/
https://www.ligo.org/science/Publication-GW190412/
https://www.ligo.org/science/Publication-GW190425/
https://www.ligo.org/science/Publication-GW170817BNS/
https://www.ligo.org/science/Publication-GW190521/
https://www.ligo.org/science/Publication-GW190814/

B RETAIDIRIA
O3b (2019/11/1 - 2020/3/27) After O3b:GWTC3 (2021/11/7 released)

I\/Iasses INn the Stellar Graveyard

Black Holes

W W%ﬁ%

Solar Masses
= N
o1 () ()

LIGO-Virgo-KAGRA | Aaron Geller | Northwestern
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LIGO-Virgo-KAGRA Science Summary (2021 £ 11 A 7 H)

https://www.ligo.org/science/outreach.php

GWTC-3, EHREARY FOAHAZOTE IR

XL ®HIC

GWTC-3 (ZE3EINE N X 1 27, Gravitational-Wave Transient Catalog-3) 1, 7 1 = (LIGO), 7 1 /L= (Virgo),
BLUEKAGRA (02<5) ottt h s, 3FBBHOERNEK A X0 7 TF. GWTC-31%, 20194F 11 A5 5 2020
3 HETRHROWESE 3 B 0% (03b) THHINZENEA RV b2 ZRETOI X0 I TERL
72 DTT. ZORRE LT, GWTC-3 1%, BEEFTRBMEINILARY P2 IR TEDLRRKOENR A X0l
T7.

T3, TNEFTOEHERIZa7OEEILSIITHEL £ 5.

e GWTC-11%, 1 H 2 HoBHIAR (01 & 02) THRI SNz 11 HOARY VEEAEAZv I TLT:
« GWTC-21%, 01,02, 25 3 i (03a) THLNLLHMTSOMDA R W 2EALE IR TL .

e GWTC-2.11%, O3aH Tl E N A Ry P OEHEZ RE L MR, Hizic 8o XY F 2z, GWTC-2
DIFDARY b ERWAZB I TLRE. 2 2TR, XEYEZHNRES THIERD 50% L D/NSkA R
Y MEREIRS 2 LE L (MUTo MENKOME) OHEZSRLTIZE W), MR LTt 55
DARY NEEARHZR WD F L.

e GWTC-3 (ZEIOAH A1) TiE, O3bHFICHH I35 DA XY M2EBML, HEZFTIRBRHEATY
2E8H0MHDARY VG Za IR ELE. (UTOR3IE, BRICHZTEEREARY FOE
EO0fMERLTVWET.)

03b D4 (2020 4E 4 F) 121, KAGRA 75 LIGO ¥ Virgo 2l D £ L7z, KAGRA I, K4 VIZH % GEO 600
rORFEBEE 2 EBEHBLE L. ZOBREOKERIIOWTIE, JICHELET.

INFETOMBDENFBREIEIART, F7SvIR—ILhEFENORIZEROAREZRIEE T2550DTY.
INBEIAVNI MREFLEY, fi7zbiE, ZALPERREDOERETHL LHEELTVET. EAFEDOA RV b
Wik, BRI v IR—ILOGEK, EERFEFEDOARE, MEFE-TS5vIFR—ILOGHROMAGHLEND D £F
=B OBHBROREN LD ER T 21200 T, EAFEAXRY FOFRRIIAMCKEZINTEZ L. 20154F
WKROIDBEEToTHr oD, RVEDH DRRTT.

ZOFENCIE, T ROWEHE, ML, EEAKRA XY P OREROHEEHIE, GWTC3DANA 74+, B&
CFERETEH X TV BB OWTELATVET.

B EE LB IDELDEBEZMRBTE S0, LHEZ L OBHD

HAFTE £ 3. 0312 03a & 03b D 2 DDEAHARIIC
REZOLIMEBOUR F—2DHDM |, ZL ShTEY, ZOM®D 2019 4E 10 A2 1 22HDKIE
TR FEOREDHAEDEICKD, LIGO & Virgo W2 HH L. 201 » Aok HIC, £<
DR ELTEE L, ENBHREROKEZH D7 v 7L — FeEHMTONE L. ZOHITI,
EFTBHEINL 02D EF. 1 20F, Kitisss LIGO DV ¥ 1 > 7 A b ¥ (Livingston) BH#F TDEHID

e ERTRETFREOGRERTE 288X 20 7)) —=>7, LIGO D> 7 #— I (Hanford) # s
HizHE S 2 2T, MHATRERHREA R EWIEY, TOEZELEFE DI, Virgo TD L — 1 — LD Lz

FHR

2o (VIR KAGRA

LIGO-Virgo-KAGRA Science Summary (2021 FI11HTH)

https://www.ligo.org/science/outreach.php
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Introduction
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O3b (2019/11/1 - 2020/3/27)
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O3b (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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B RETAIDIRIA
O3b (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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LIGO-Virgo-KAGRA | Aaron Geller | Northwestern
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Masses in the Stellar Graveyard

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars 150 M i
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gX4<1—JU (Observation 1/2/3a/3b/4a)

Updated == O1
2023-11-16
80
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I I
G2002127-v22

ENROT—YHh5A T

Gravitational Wave Transient Catalog

Gravitational Wave Open Science Center

%RQ’J
~

ﬁ Data~ Software~ Online Tools~ About GWOSC~

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

https://www.gw-openscience.org

2015 2016 2017 2018 2019 2020 2021

wm 02 =m O3 == O4 O5
100 100-140 150 160+ 240-325
Mpc Mpc Mpc Mpc
o -'D A aAF T -p 1
5 Rl o
30 40-50 40-80 150-260
e e IR B oc
Ao
0.7 1-3 =10 =10 25-128
Mpc Mpc Mpc Mpc Mpc
| |

I I I I I I
2022

2018/12/3

2020/10/28

2021/8/2

2021/11/5

I I I | I
2023 2024 2025 2026 2027 2028 2029

*

https://observing.docs.ligo.org/plan/

84



2023F5ANS HARBRCERILRE R H

7AU7-LIGO S—0w/¢-VIRGO FI7 - KAGRA (I8 - 48
Zi11GO RYVIRGD KACRA

LHO -

o 7 N NORTH ... ...................... , ASIA. .. ¥ .
/}Msmc:A RSNOFA > | |

| Virgo: | :
/\ ATELANTIC : KAGRA : B
. LLO OCEAN ~  AFRICA ‘. | | |

North [deg]
3

| . OCEAN : |
AMERICA | | AUSTRALIA :

OCEAN SOUTH . INDIAN

South [deg]

50 L B % SR R S S |
| | SOUTHERN | | | :
OCEAN

ANTARCTICA N

I—150IIII—1OOIIII—50 0 50IIII1OOIIII150I
West [deg] East [deq] 100 8 5




E

N\JVF GraceDB Public Alerts ~ Latest Search Documentation Login

= JRELAIDIRIA

O4a (2023/5/26 - 2024/1/16)

Please log in to view full database contents.

LIGO/Virgo/KAGRA Public Alerts

More details about public alerts are provided in the LIGO/Virgo/KAGRA Alerts User Guide.

Retractions are marked in red. Retraction means that the candidate was manually vetted and is no longer considered a candidate of interest.

Less-significant events are marked in grey, and are not manually vetted. Consult the L\VK Alerts User Guide for more information on significance in O4.

Less-significant events are not shown by default. Press "Show All Public Events" to show significant and less-significant events.

04 SlgﬂIﬁCOnt Detection Candidates: 81 (92 Total - 11 RetrOCted) Event ID Possible Source (Probability) Significant Location Comments
04 Low Significance Detection Candidates: 1590 (Total) GCN Circular
Jan. 9, 2024
S$240109a BBH (99%) Yes Query 1 per 4.3136 years
05:04:31 UTC
. . . Notices | VOE
https://gracedb.ligo.org/superevents/public/O4/
GCN Circular _
Jan. 7, 2024 ,
S240107b BBH (97%), Terrestrial (3%) Yes Query d & 4 : . 1.8411 per year
01:32:15 UTC ' J '
Notices | VOE
N e N
BEXTIC8TAXRY K GCN Circular
Jan. 4, 2024 1 per 8.9137e+08
S240104bl BBH (>99%) Yes Query
16:49:32 UTC years
Notices | VOE
GCN Circular
Dec. 31, 2023 1 per 3.7932e+06
S231231ag BBH (>99%) Yes Query
15:40:16 UTC years
Notices | VOE
GCN Circular _
Dec. 26, 2023 . N\ 1 per 2.8446e+42
S231226av BBH (>99%) Yes Query o e .
10:15:20 UTC N - years
Notices | VOE
GCN Circular
Dec. 24, 2023 _
S231224e BBH (>99%) Yes Query 1 per 20.739 years
02:43:21 UTC 4

Notices | VOE
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