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The waveform explained

SN
| [BLACK HOLE] / Mmass
I A BLACK HOLE IS ONE OF THE SIMPLEST OBJE(:TS IN THE UNIVERSE

IT HAS ONLY TWO CHARACTERISTICS: ITS MASS (WHICH DETERMINES
ITS SIZE), AND ITS SPIN (HOW MUCH SPACETIME SWIRLS AROUND).

WHEN YOU HAVE TWO BLACK HOLES IN A BINARY SYSTEM, THINGS
GET MORE COMPLICATED. WE NOW HAVE THE MASSES AND SPINS OF
BOTH BLACK HOLES, THE SPINS STAY THE SAME SIZE DURING THE
ORBIT, BUT THEIR DIRECTIONS WOBBLE AROUND IN A PROCESS
CALLED PRECESSION. THE GRAVITATIONAL WAVES REACHING EARTH
FROM THE BINARY ALSO DEPEND ON WHERE THE BINARY IS AND

WHICH WAY IT IS ORIENTATED

‘) PRECESSION

[SPIN]

AS THE BLACK HOLES ORBIT EACH OTHER, THEIR SPINS CHANGE DIRECTION
THIS ALSO CAUSES THE ORIENTATION OF THE ORBIT TO TOPPLE BACKWARDS
AND FORWARDS A LITTLE. THIS PRECESSION LEAVES AN IMPRINT ON THE
GRAVITATIONAL WAVES: THEY BECOME LOUDER AND QUIETER AS THE SPINS
WOBBLE AROUND. THE PRECESSION DEPENDS ON DIRECTIONS OF THE TWO
SPINS, COMPARED TO EACH OTHER AND COMPARED TO THAT OF THE ORBIT.
THE SPIN OF THE MORE MASSIVE BLACK HOLE HAS A LARGER EFFECT THAN
THAT OF THE SMALLER ONE

WE DON'T SEE MUCH SIGN OF PRECESSION IN GW150914. THIS MAY BE BE-
CAUSE SPINS ARE SMALL, ITS INCLINATION MEANS THE WOBBLES AREN'T VISI-
BLE, OR A COMBINATION OF BOTH. SINCE THE INSPIRAL IS SHORT, WE WOULD

NOT EXPECT TO SEE A LARGE EFFECT IN ANY CASE

[REDSHIFT]

THE EXPANSION OF THE UNIVERSE AFFECTS GRAVITATIONAL WAVES IN A
COUPLE OF WAYS. AS THE UNIVERSE EXPANDS, IT STRETCHES THE WAVES
TRAVELLING THROUGH IT. THIS IS WELL KNOWN IN ASTRONOMY AND IS
CALLED REDSHIFT, AS IT MAKES VISIBLE LIGHT MORE RED. TO HAVE A
LARGE EFFECT, THE WAVES MUST HAVE TRAVELLED A LONG WAY

THE FIRST EFFECT IS THAT THE FREQUENCY OF THE WAVE CHANGES. THIS
HAS THE SAME IMPACT AS CHANGING THE MASSES: THINGS FURTHER
AWAY APPEAR MORE MASSIVE. THE SECOND EFFECT IS TO CHANGE THE
AMPLITUDE, WHICH IS THE SAME AS CHANGING THE DISTANCE: WE OFTEN
TALK ABOUT THE LUMINOSITY DISTANCE, WHICH ABSORBS THIS EFFECT,
BUT ISN'T THE SAME AS IF WE MEASURED THE DISTANCE TO THE SOURCE
USING A TAPE MEASURE.

IF WE GET ENOUGH MEASUREMENTS OF HOW GRAVITATIONAL WAVES ARE
REDSHIFTED, WE COULD POSSIBLY LEARN SOMETHING ABOUT HOW THE
UNIVERSE IS EXPANDING

. . > m,

[CHIRP MASS]

THE WAY THE SIGNAL CHANGES DURING THE INSPIRAL IS
PRIMARILY FIXED BY A COMBINATION OF THE BLACK HOLE
MASSES WE CALL THE CHIRP MASS. IF WE SEE LOTS OF
CYCLES OF INSPIRAL, WE CAN MEASURE THE CHIRP MASS
REALLY WELL (BETTER THAN A FRACTION OF A PERCENT)
WHEN THINKING ABOUT WHAT WE CAN LEARN FROM GRAVI-

TATIONAL WAVES, PEOPLE OFTEN FIRST THINK ABOUT THE
CHIRP MASS

[STAGES)

ONE OF THE REASONS WE DIVIDE UP THE GRAVITATIONAL WAVE SIGNAL IS BECAUSE DIFFERENT
TECHNIQUES CAN BE USED TO CALCULATE THE WAVES AT DIFFERENT POINTS. THE EARLY

CAN BE CALCULATED USING POST-NEWTONIAN THEORY (THIS STARTS WITH NEWTON'S

EORY OF GRAVITY AND ADDS LITTLE EXTRA BITS TO ACCOUNT FOR HOW THINGS CHANGE IN
GENERAL RELATVITY). THE CAN BE CALCULATED USING BLACK HOLE PERTURBATION

THEORY (THIS STARTS SHAPE OF THE BLACK HOLE, AND SEES HOW IT REACTS

TO SMALL CHANGES). THE ww ONLY BE CALCULATED USING NUMERICAL RELATMITY

EEN

® ) INSPIRAL

(SMULATIONS OF THE FULL EQUATIONS OF GENERAL RELATIVITY WHICH TAKE LOTS OF COMPUT - ]

NG POWER); THIS HAS ONLY IN THE LAST 10 YEARS, SO THE MERGER WAS THE ‘ MERGER

LAST PART OF THE PUZZLE &

IF WE HAD A BINARY CONTAINING NEUTRON STARS INSTEAD OF BLACK HOLES, THE INSPIRAL

WOULD BE MUCH THE SAME.[BUT THERE WOULD NOT BE THE SAME MERGER AND RNGDOWN

THE SIGNAL WOULD BE Mm POSSIBLY FEATURING NEUTRON STARS BEING RIPPED
APART, BEFORE AND COLLAPSING TO A FINAL BLACK HOLE

(@ RINGDOWN

-21

STRAIN (10 )
o
WOUE. | . —"

'
o
wn

'
o
o

[AMPLITUDE]

THE SIZE OF THE SIGNAL, ITS AMPLITUDE, DEPENDS ON HOW FAR AWAY
THE BINARY IS IF THE DISTANCE WERE TWICE AS BIC. THE AMPLITUDE
WOULD BE HALF THE QUIETER A SIGNAL IS, THE HARDER IT IS TO DETECT,

srssssncey

AND THE LESS WE CAN LEARN ABOUT ITS PROPERTIES

HEAVIER SYSTEMS PRODUCE LOUDER CRAVITATIONAL WAVES AS THERE IS
MORE MASS MOVING AROUND TO CREATE THE WAVES

THE SIGNAL AMPLITUDE DEPENDS UPON THE WAY THE BINARY IS FACING
(ITS INCLINATION), AND ITS POSITION IN THE SKY: THE DETECTORS ARE NOT
EQUALLY SENSITIVE TO GRAVITATIONAL WAVES FROM ALL DIRECTIONS (THE

SIGNAL IS LOUDEST WHEN THE SOURCE IS DIRECTLY ABOVE OR BELOW A

DETECTOR

IR R R R R R R R R TR R R R R T R R R R PR TR
R L R R R R R

THE RINGDOWN PART OF THE SIGNAL COMES FROM THE FINAL BLACK HOLE, SO
IT DEPENDS UPON ITS MASS AND SPIN. THE FINAL MASS IS ALMOST THE SAME AS
THE TOTAL MASS OF THE TWO INITIAL BLACK HOLES (SOME ENERCY IS LOST,
CARRIED AWAY BY THE GRAVITATIONAL WAVES). THE FINAL SPIN DEPENDS
UPON THE SPIN OF THE INITIAL BLACK HOLES AND HOW THEY WERE ORBITING
AROUND EACH OTHER WHEN THEY MERCED

0.30 0.35

~

L@t e

THE WAY THE BINARY IS FACING THE EARTH DETERMINES THE
GRAVITATIONAL WAVES WE SEE. IF IT IS EDGE ON, THE SIGNAL IS
QUIETER, BUT IT IS EASIER TO SPOT SMALL CHANGES CAUSED BY

THE BLACK HOLES SPINS. IF IT IS FACING US, THE SIGNAL IS

LOUDER, BUT IT'S HARDER TO TELL IF THE ORBIT WOBBLES BE-

CAUSE OF PRECESSION. WE HAVE A GREATER CHANCE OF DE-

TECTING A FACE-ON BINARY BECAUSE THEY CAN BE DETECTED
FROM FURTHER AWAY

.o .ﬁ.)

045 TIME (S)

Moo M, WITH MULTIPLE DETECTORS, WE CAN WORK OUT WHICH DIRECTION
THE CRAVITATIONAL WAVES CAME FROM BY LOOKING AT THE TIMES
[TOTAL MASS])

WHEN THE SIGNALS ARRIVED AT EACH DETECTOR. THIS IS SIMILAR TO
HOW YOU CAN LOCATE THE SOURCE OF A SOUND USING YOUR EARS
THE TOTAL MASS OF THE SYSTEM DETERMINES HOW LONG IT TAKES FOR
THINGS TO HAPPEN. HEAVY SYSTEMS ARE BICGER, AND SO CHANGE MORE
SLOWLY THE GRAVITATIONAL WAVES ARE AT LOWER FREQUENCIES, WHICH
MEANS THAT LICO CAN ONLY SEE THE FINAL PARTS. LIGHTER SYSTEMS PRO-
DUCE GRAVITATIONAL WAVES AT HICHER FREQUENCIES, SO WE CAN MEASURE
MORE OF THE INSPIRAL

WE CAN GET SOME EXTRA INFORMATION ABOUT THE DIRECTION FROM
HOW LOUD EACH SIGNAL IS (SINCE EACH OF THE DETECTORS HAS ITS
BEST SENSITMITY IN A DIFFERENT DIRECTION), AND WHERE THE WAVE
IS N ITS CYCLE

THE TOTAL MASS OF THE SYSTEM SETS WHICH PARAMETERS ARE MOST
EASILY MEASURED. FOR REALLY MASSIVE SYSTEMS WE MEASURE THE TOTAL
MASS BEST (AS WE ONLY SEE THE MERGER AND RINGDOWN), BUT FOR LIGHT
SYSTEMS, LKE BINARY NEUTRON STARS, WE MEASURE THE CHIRP MASS BEST
(AS WE ONLY SEE THE INSPIRAL). GW150914 IS SOMEWHERE IN THE MIDDLE

http://www.ligo.org/magazine/L IGO-magazine-issue-8.pdf
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I I I | |24 Selected for a Viewpoint in Physics week ending
| | | | PRL 116, 061102 (2016) PHYSICAL REVIEW LETTERS 12 FEBRUARY 2016

_LIGO Hanford Data (shifted) <

Observation of Gravitational Waves from a Binary Black Hole Merger

B.P. Abbott et al.”

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2016; published 11 February 2016)

On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave
Observatory simultaneously observed a transient gravitational-wave signal. The signal sweeps upwards in
frequency from 35 to 250 Hz with a peak gravitational-wave strain of 1.0 x 102!, It matches the waveform

LlGO L|V|ngston Data predicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the
resulting single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a
0 30 0. 3 5 0.40 0.45 false alarm rate estimated to be less than 1 event per 203 000 years, equivalent to a significance greater

OI 160 0.03

than 5.16. The source lies at a luminosity distance of 4107 & W
Ti me (SeC) In the source frame, the initial black hole masses are 36} M, and 2977 M, and the final black hole mass is

Mpc corresponding to a redshift z = 0.09°

62_’jM o, With 30_8: M  c? radiated in gravitational waves. All uncertainties define 90% credible intervals.

These observations demonstrate the existence of binary stellar-mass black hole systems. This is the first direct
2 01 5 Eg ﬁ 1 4 E GW1 5 O 9 1 4 detection of gravitational waves and the first observation of a binary black hole merger.

30
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KAGRA(MK 5 ABUKIRE IR ERER)

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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KAGRA HA 3 362436 N 1371836 E E 28.3° N N 28.3°W
BIHIEAR (Observing Run)
R I HA Advanced LIGO Advanced Virgo KAGRA
£ H H £ H H £ H H £ H H £ H H £ H H
01 2015 9 12 2016 1 19 — —
02 2016 11 30 —2017 8 25 2017 8 1-2017 825 —
O3a 2019 4 1-2019 9 30 A /e —
O3b 2019 11 1 -2020 3 27 Gy (O3GK) 2020 4 7 -2020 4 21
04 2023 5 26 — 2023 % & b F%A 2023 5 26 — 6 25, 2024 HIZFHEH

A~> b (BBH) M.(Mp) HEIK Xett  Mgna(Mo) BB (Mpc) (A6)7 SNR
GW150914 28.67, 7 0.8  -0.017) 3 63.175 4407100 182 26

GW170814 241771 082 0071012 532752 6007550 92  17.7
GW190412 13.3702 032 0.2170703 35.61792 7201320 240 19.8
GW190521 63.3719% 058 014700 147.4%7100 331072799 1000  14.3
GW190521_074359 32.8752  0.77 0.1790-12 72.67%% 108071250 470 25.9
GW190814 6.11790 0.1 0007 25.77°% 230750 22 25.3
GW191109.010717 475195 o072 0-201032 1077180 12907.15° 1600 17.3
GW191204.171526 | 8557035  0.69 0161005  19.21%, 72 6501 520 350 17.5
GW191216.213338 | 8337922  0.64  0.117973 1887123, 3407130 490  18.6
GW200112.155838 27.472% 079 0.061) 12 60.8753 1250139 4300 19.8
GW200129_065458 27.2722  0.84 011701 60.375% 9007550 130 26.8
GW200224_222234 311732 0.81 0.110-12 68.6755 17107309 50.0 20

GW200311-115853 26.6725  0.81  -0.02102° 59735 11707550 35 17.8
A Xk (BNS) M.(Mg) HE=Elt Xeff Mé\(MQ) PEEE (Mpc) (A9)?  SNR
GW170817 1.1867 00, 0.87 007 - 40772, 16 33

GW190425 1441002 062 0.07T00% 3.4103 150730 8700 124
A~ + (NSBH) Mc.(Mg) HERH Xeti ~ Ma(Mo) il (Mpc) (A6 SNR
GW190917_114630 3.7705 022 -0.08T)7% 11.675 7207500 2100 8.3

GW200115.042309 | 2437905 0.24  -0.15703) 7.2718 2901109 370 11.3

RSN THEIARTARY S EBRNENKR I EZn 27 3 (GWTC3) & LT 2021 4
11 BIZRREINTDDPEFMODENEA R VAX I TH 5.

GW150914 RONTHME I NBEREZEI A X2 . BBH OFEZHAL»IZL, K
fEE (Ms) @ 30 22 ED BH OfFEE D THERR L 7. GW170817 H#NIHE X7z
BNS A R> b, EHBICZL OBEHHEIDLRIN, SLF « Xvb I vy —KLEDHDTDRK
I 72 o 7=, EHIFEED 5158 6 -t 2 ORI 3 2 HlRIIEEE prue =
2.8 x 10*g/cm® D 2 fFDHEEIZBIFBES L LT 2pnue = 3.5727 x 103*dyn/cm?(90%
BHEXE) TH2. yEPEHNFEOE -2 1.7 HETHEE LI Lo ENREEHED
HELSDTHOEEIT 1 x 107 LUTeHIRX . T, A - RSB 2881115
LR L OETLREMDIEMB RSN, r-BETTREMDEERRT ¥ RN HK->TWBE Z

BoNERFEMNRR HERICOWTIE, ZOEWEEICOWT, BBH 3R FHE 2 = 0.2

HTIZBWT 17.9-44/Gpc? /yr, BNS 1% 10-1700/Gpc? /yr, NSBH & 7.8-140/Gpc® /yr ¥
RS 6N TWE. ZOE», ERENBEISH LT, FHBERRICH LU TENRO T AL F —
DHFEGTHHEL LT (FERZALF—ZART PARREL ET) Qqw < 6.0x 107°
O ERMEF STV, EEETEOE RN LT, BBXZ 1x107°° £2E (200
Hz $bHD) O ERPIELNTWS. F7z, BEHIO LT —7» 6 O E TR LT 4
W ERPESNTVWS,

— AR OMGE D ThON, P2 T A M INTT, —REEEwmr BN 5T
BeBHXN TV RENBES L OMICFEIFELLTVWRY. 5%, FEREDHETICONT
HEROEMS F V) ADHL2ITR 2 Z e AfF S5, FERIICIX, SBRIEHRS VU 4
SLUFHOEHR R CWTh, BENEBH»OZ DAL D HINETHAS.
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