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Introduction to Gravitational Wave Physics 1. Gravitational Waves
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Introduction to Gravitational Wave Physics 1. Gravitational Waves
EHEDKEIRE (GW sources)

http://gwcenter.icrr.u-tokyo.ac.jp
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Introduction to Gravitational Wave Physics 1. Gravitational Waves

What we can learn from GW? (EAREAICKL > THEIATEZ S I &)

Test of GR at strong gravity region.
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Test of BH no-hair theory
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Sources of Gamma-ray bursts
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Introduction to Gravitational Wave Physics 1. Gravitational Waves

What we can learn from GW? (EAREAAICK > THRIATE S I &)

Mechanism of Supernovae
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Equation of State of nuclear matter
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Origin of heavy elements
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Introduction to Gravitational Wave Physics

Neutron Star Mass-Radius diagram: Equation of State
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Figure created by Norbert Wex.
EOSs tabulated in Lattimer & Prakash (2001) and provided by the authors.
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Introduction to Gravitational Wave Physics 1. Gravitational Waves

What we can learn from GW? (& /14
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Introduction to Gravitational Wave Physics 1. Gravitational Waves

What we can learn from GW? (EAREAAICK > THRIATE S I &)

merger phase
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Introduction to Gravitational Wave Physics 1. Gravitational Waves

What can we learn from gravitational waveform?
(Suppose NS+NS ->BH )
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VLV [ time © =50 0 50
 ap—ap| -+—+—», POost Newtonian Numer'jncc.ﬂ BH. Perturbation
s fh, Approx. Relativity

DEPENDENCE ON t, FOR e=0: ISCO freq => EoS of NS,

R waveform => Formation of BH or NS,
§ BH mass

"chirps" df/dt => chirp mass, Mc= (M1 M2)3/3/ (Mi+M)V/5 BH angu{ ar momentum

amplitude up  => Mc, distance T

amplitude h+/hx => inclination

waveform => eccentricity

moduration => spin, ... statistics => cosmological parameters
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Introduction to Gravitational Wave Physics

Characteristic Strain

GW observatory plans in space

Gravitational Wave Detectors and Sources

http://gwplotter.com
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Introduction to Gravitational Wave Physics

GW observatory plans in space
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Introduction to Gravitational Wave Physics 2. Brief History

Discoveries end in an illusion (1968/70)

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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Introduction to Gravitational Wave Physics 2. Brief History

Discovery of Binary Neutron Stars (1974)

Radio emission

i

Arecibo, Puerto Rico

Radio emission  AXis

of rotation

Pulsar =Neutron Star

radius 10 km
mass 1.4 Msun

http://www.nobelprize.org/nobel_prizes/physics/laureates/1993/illpres/discovery.html
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Introduction to Gravitational Wave Physics 2. Brief History

Discovery of Binary Neutron Stars (1974)
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Introduction to Gravitational Wave Physics

2. Brief History

Discovery of Binary Neutron Stars (1974)

ﬂm The Nobel Prize in Physics 1993
) Russell A. Hulse, Joseph H. Taylor Jr.

Share this: BEEBEE 2

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"
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Introduction to Gravitational Wave Physics 2. Brief History

Grand Challenge for Black hole simulation (1990s)
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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 2]
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Science 256 (1992) 325

LIGO: The Laser Interferometer
Gravitational-Wave Observatory

Alex Abramovici, William E. Althouse, Ronald W. P. Drever,
Yekta Girsel, Seiji Kawamura, Frederick J. Raab,
David Shoemaker, Lisa Sievers, Robert E. Spero,

Kip S. Thorne, Rochus E. Vogt, Rainer Weiss,
Stanley E. Whitcomb, Michael E. Zucker

The goal of the Laser Interferometer Gravitational-Wave Observatory (LIGO) Project is to
detect and study astrophysical gravitational waves and use data from them for research
in physics and astronomy. LIGO will support studies concerning the nature and nonlinear
dynamics of gravity, the structures of black holes, and the equation of state of nuclear
matter. It will also measure the masses, birth rates, collisions, and distributions of black
holes and neutron stars in the universe and probe the cores of supemovae and the very
early universe. The technology for LIGO has been developed during the past 20 years.
Construction will begin in 1992, and under the present schedule, LIGO's gravitational-wave

searches will begin in 1998.

Einstein’s general relativity theory de-
scribes gravity as due to a curvature of
space-time (). When the curvature is
weak, it produces the familiar Newtonian
gravity that governs the solar system. When

The authors are the members of the LIGO Science
Steering Group. A. Abramovici, W. E. Althouse (Chief
Engineer), R. W. P. Drever, S. Kawamura, F. J. Raab,
L. Sievers, R. E. Spero, K. S. Thome, R. E. Vogt
(Director), S. E. Whitcomb (Deputy Director), and M. E.
Zucker are with the California Institute of Technology,
Pasadena, CA 91125. Y. GuUrsel is at the Jet Propul-
sion Laboratory, Pasadena, CA 91109 D. Shoemaker
and R. Weiss are at the Massachusetts Institute of
Technology, Cambridge, MA 02129.

SCIENCE * VOL. 256 * 17 APRIL 1992

the curvature is strong, however, it should
behave in a radically different, highly non-
linear way. According to general relativity,
the nonlinearity creates black holes (curva-
ture produces curvature without the aid of
any matter), governs their structure, and
holds them together against distuption (2).
Inside a black hole, the curvature should
nonlinearly amplify itself to produce a
space-time singularity (2), and near some
singularities the nonlinearity should force
the curvature to evolve chaotically (3).
When an object’s curvature varies rapidly
(for example, because of pulsations, colli-
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Fig. 7. The expected total noise in each of
LIGO's first 4-km interferometers (upper solid
curve) and in a more advanced interferometer
(lower solid curve). The dashed curves show
various contributions to the first interferometer's
noise.
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PHYSICAL REVIEW LETTERS week ending

PRL 116, 061102 (2016) 12 FEBRUARY 2016
b
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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.



3. Detectors

LIGO, Virgo, KAGRA
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Introduction to Gravitational Wave Physics
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KAGRA (n< 5 : XREBIRENREER)

Kamioka Gravitational wave detector
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Gravitational Wave Projects

Fourth 2nd generation detector on the Earth
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£ P R 3 ] o ~ . \lirgo
z | Virgo  KAGRA ] \
| LLO - i LIGO-Hanford
. ] LIGO-Living
C(/D) T -0 o
; | ] KAGRA
— 0o ‘—1100‘ - —éo - 5 - 510 - 160 - 1§o - 50} //// ; :ff\*\x h ,
N West [deg] East [deg] - / / / | /\\f\;/k\;@ ‘ - 1%0
. . . -100 |~ V <\ /’%\/ Y //— ‘:}“7 ‘ ,/ \\/ | . /// i rg O
more precise GW source localization | L "’\71‘ T
more certain GW source parameters LIGO-Livingston =

more chances to hunt GW events

more information of GW polarization

more ideas for GW researches

more man power
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Status of KAGRA O
KAGRA (Kamioka Gravitational-Wave Observatory) &A/GRA

TAMA 300 m (NAOJ, Tokyo area, 2008)

~13
10 TAMA (2008)
~44 CLIO (2010)
10 —— iKAGRA (2016)
_15 —— bKAGRA Phase 1 (2018)
10771 —— FPMI (Aug 2019)
—— FPMI (Nov 2019)
1016 —— FPMI (Dec 2019)
—— PRFPMI (Feb 2020)
—~ 10717 —— PRFPMI (Mar 2020)
|§ —— bKAGRA Design BRSE
10—18 = HKAGRA Design DRSE
— mm O3 target (8-25 Mpc)
c 10—19 04 target (25-130 Mpc)
(o
&N 10-20

10—23_

iy 1 —24 | .
Kamioka Obs v O 101 103
s Frequency (Hz
oo iy CLIO 20 (K ioka, 2010) 9 y (H2) https://doi.org/10.1093/ptep/ptaal2s
T m (Kamioka,

arXiv: 2005.05574

Google
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Status of KAGRA

Brief History of KAGRA

calendar

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 202°

year
Project

Start

Tunnel Excavation I

installation

operation

adv vibration isolation, optics, cryo.---

iIKAGRA = initial KAGRA
bKAGRA = baseline KAGRA

iIKAGRA

bKAGRA| |[bKAGRA
phase-1 phase-2 03

Sapphire ﬁ/
a mirrors \
(one cryo ) .
N

[arXiv:1712.00148]

- -

[arXiv:1901.03569]
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Status of KAGRA N
Basic Idea of the Interferometer LJ/G

“Michelson” interferometer Longer arm-length makes better sensitivity

Mi
lrrorr\l +

A

Laser Source Beam Splitter Mirror

3 Z )
é < L >

100Hz
Photon Detector -

Sensitivity (Lower the better)

Frequency

Hisaaki Shinkai (Osaka Institute of Technology) JGRG30 (online) December 8, 2021 46
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Status of KAGRA h
Basic ldea of the Interferometer wRA

“Michelson” interferometer Longer arm-length makes better sensitivity
—] Best sensitivity for 100 Hz 1s L= 750 km

1

Longer arm-length makes better sensitivity

Laser Source

Sensitivity (Lower the better)

! 2. ﬂ
) é/
100Hz
Photon Detector -
Frequency
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Status of KAGRA h
Basic ldea of the Interferometer w

“Fabry-Pérot Michelson” interferometer Longer arm-length makes better sensitivity
_ Best sensitivity for 100 Hz 1s L= 750 km
[——] end mirror
5
@
O
£
= input mirrors end mirror g |
Laser Source 9 Not so good for high freq.
> |7 g due to GW cancellation.
| 7\
.'Z)
)
n
100Hz
Photon Detector >
Frequency
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Status of KAGRA

“Fabry-Pérot Michelson” interferometer

Laser Source

I
a

Basic Ildea of the Interferometer

Longer arm-length makes better sensitivity

Best sensitivity for 100 Hz 1s L= 750 km

end mirror
O]
&)
-
©
-
o
N
2 3
— =
2
-iq—J' by
O
)
=
input mirrors end mirror 5
2 Not so good for high freq.
5 = due to GW cancellation.
=
resonance S High finesse introduces
c% optical losses at mirrors
Finesse F ~ 1000
o L3
(effective reflections /) 100Hz
Photon Detector .
Frequency
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Status of KAGRA
Basic ldea of the Interferometer

“Power-Recycled” Fabry-Pérot Michelson interferometer  (TAMA300, initial LIGO, Virgo)

end mirror

input mirrors end mirror

Laser Source

h
H

1

Sensitivity (Lower the better)

Power-Recycling resonance
mirror
100Hz
get more effective laser power -
Frequency

Hisaaki Shinkai (Osaka Institute of Technology) JGRG30 (online) December 8, 2021
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Reduce shot-noise
of laser
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Status of KAGRA /’ﬁ
Basic ldea of the Interferometer &A/GRA

“Signal-Recycled” Fabry-Pérot Michelson interferometer (GE0600)

end mirror

input mirrors end mirror

Laser Source

-
a

get more finesse
with SR mirror

Sensitivity (Lower the better)

resonance
Signal-Recycling
mirror

get more effective GW signals ot
resonance (N+1/2) wavelength between SR & IM Frequency

Hisaaki Shinkai (Osaka Institute of Technology) JGRG30 (online) December 8, 2021
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Status of KAGRA /’j
Basic ldea of the Interferometer @RA

“Resonant Side-band Extraction” interferometer (KAGRA, Advanced LIGO, Advanced Virgo)

end mirror

input mirrors end mirror

Laser Source

h
H

keep at relative low finesse

Sensitivity (Lower the better)

Power-Recycling Signal-Extraction with SE mirror
mirror — mirror
: : fi tical 1
get more effective GW signals fgi g%&csan(é:;e asti on
resonance N wavelength Frequency
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Status of KAGRA
Basic Ildea of the Interferometer

“Resonant Side-band Extraction” interferometer (KAGRA, Advanced LIGO, Advanced Virgo)

400mW Nd:YAG laser
amplified to 40W
finesse 540

Laser Source finesse 800-1530

Sensitivity (Lower the better)

Photon Detector Frequency

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

L= —DKEEW P BunwL—Y—ZR%

more laser power

53



Status of KAGRA

Basic Idea of the Interferometer KA

“Resonant Side-band Extraction” interferometer

K ,‘%Itransmlssuon-Y port

‘e’

ETMY

_ E Y-arm cavity

input ™

mode

cleaner power
recycling
400mW Nd:YAG laser
amplified to 40W
finesse 540

-~ 3 km transmission-X
JSR2 port

- -
/" signal
recycling

Laser Source finesse 800-1530 O
Type-A

cavity
(
- 4 SR3 \é )

() TypeB 7T

,'—.\‘ \-- - 4

'\‘ ' Type'Bp 'la ~\‘

e L./ OMMTs

L} TypeC on{,—g i, output
Photon Detector ’ :

Y42 ! mode
.. @ cleaner
anti-symmetric port ‘
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Status of KAGRA

Basic Idea of Suspension System

L0
— Méz—#(m—xo)
¢ 2
x/To = ?sz where fy = % %
—
T

1Hz\ ° _
0T seis ~ T x 107" m/VvHz

For 100 Hz, dzgeis ~ 10~ m/v/Hz.

10

0.1

0.01

Relative Movement

0.001

0.0001

0.00001

f-2

0.1

1
Frequency [Hz]

10
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Status of KAGRA

Basic Idea of Suspension System

. M
Ma::—Tg(x—xo)
fo 1 /g
ofmo= g vhere fo = 5oy

Relative Movement

10

0.1

0.01

0.001

0.0001

0.00001

0.1

1 10
Frequency [Hz]
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Status of KAGRA

Basic Idea of Suspension System

Mg

Mz = ——(III —IE())

/

2
z/z0 = _fe

o =%

I /g

where fo = —4/ =

2w\ /¢

Relative Movement

0.00001

10

1

0.1

0.01

0.001

0.0001

0.1

Frequency [Hz]

100
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Status of KAGRA

Basic ldea of Suspension System

10
» 1

0.1

0.01

Relative Movement

0.001

0.0001

0.00001

0.1

Frequency [Hz]
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Status of KAGRA

bt arrry
Nows
R | My ol
v F.j.

Basic Idea of Suspension System

3.1 m

cryogenic
payload

Class. Quantum Grav. 36 (2019) 165008

BRT

bKAGRA configuration

- Cryogenic test masses ETM Type-A system 'jﬁéu
-olan arm cavities ) - Cryogenic test mass =
- RSE with power recycling c Sapphire, 23kg, 20K ——=
o 9 0 s
R - Tall seismic isolator =]
IP + GASF + Payload ==
(]
IT™
PR3 PR2
= | MC, PRM
== BS X-arm
Type-C system T —& @ err
10
- Mode cleaner i™ ETM
Silica, 0.5kg, 290K
- Stack + Payload Type-B system [FEH
g
=S
SRM - Core optics (BS, SRM,...) EEE
R I
e R OMMT Silica, 10kg, 290K i I 4
yperEppay omMcC - IP + GASF + Payload e’
- Test mass and Core optics (BS, FM,..) ) , ¥
Type_C Silica, 10kg, 290K - Stack for aux. optics — g
- Seismic isolator
E' Table + GASF + Type-B Payload
v

as the configuration of April 2020 (O3GK)
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platform 4 .

marionette

sapphire blade springs _ dia V5 | s
intermediate mass '-:"-:» : & ‘._ ”

sapphire fibers /'

KAGRA (<5

. 4 -'/:
=< optic (OP)

cooling bar

heat links

top filter

inverted pendulum

standard filter

/N

bottom filter.

/

outer shield (80 K)

)

platform_|

7]

marionette _ |

heat
link

1l
} duct shield (80 K) | | WG K)

L T

main laser '| 1] op
1=1,(20K)

Lkkde || Aner shield (8 K) | ——m

wide angle bafﬂe;! I

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 sensitivity curve

SAGRA sensiuvity

Residual gas

—— Mirror thermal noise
Seismic noise
Suspension thermal noise |3
Quantum noise ]
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Introduction to Gravitational Wave Physics
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Introduction to Gravitational Wave Physics

KAGRA (<5 : XBBRENRERIR)
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KAGRA (<5 : XBYEREHRERR)

360 members
200 authors
110 groups

regions

JGW-G1910627
DARM Sensitivity
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3 3
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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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BKAGRA =

5 : KEER

JG

YAV )

ENREIER)

("l

i

ju|

&l



International GW network (EIPRE i1

ARy NT—7)

ALIGO  (2JIVIRGD

LIGO Virgo Collaboration
LIGO SCientifiC COllaboraﬁon Virgo is a European collaboration with about 360 authors from 89 institutes

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

Abllene Christian University ® @ Andrews @ Unnversity g Penn State Universily Parlicipation by scientists from France, Italy, Belgium, The Netherdands, Pcland, Hungary, Spain, Germany
Aben-Einstein insttst TRINITY . Rocheszar Instiute of Technology i i . i
Andrews Unnersity Sonoma State University + Institutes in Virgo Steering Commitiee
American Unwersity - 8 Southern Univ. and ASM College
g:ltg"ﬂ Inz‘:’h;jvc' ?T::‘O‘Wv‘ Standord University - APC Paris = INFN Pearugia - LAPP Annecy - RMKI Budapest

wiforna e Univ, Fullerton Syracuse University - i - - ris -
Canad: Th. Assrophysics Szeged Unwersty ARTEMIS Nice INFN Pisa LKB Paris UCLouvain. ULiege
Carleton Coliege ﬂ Texas Tech Unwersity IFAE Barceara INFN Rama La LMA Lyon Univ. of Barcelona
:::;::-;’v'n(:l\:v L"Z.’Q'?"ry'ffﬁm York :""“;“3""“” . - ILM and Navier Sapienza - Maastricht University = University of Sannic
Emons e Abrosacios Ui & s igcing AR - INFN Firenze-Urbino - INFNRomaTorVergala -  Niknef Amslerdam = Univ. of Valencia
EQIVOS Loraind University # < University of Alabama n Huntsvitl - INFN Genava -~ INFN Tranto-Padova - POLGRAW(Poland) ~ University of Jena
Goorpia Instute of Technology University of Brussels - INFN Napoli - LAL Orsay ESFCI Paris = University Nijmagen
Gaoddnrd Flight Conter Uriversity of Chicago
Hobart & m Smih Coleges U ity of Florida . .
ICTP-SAIFR . w Unvershy of Warytand Advanced Virgo preject has been formally
NGO wer chigan 5 : a
1AR-Russian Acad, of Sciences @’ TP WaAsiNGToN o completed on July 31, 2017 P Denmark Lithuania
Phetiesali el e P oo Part of the international network of 2nd gar ™

Ce e 2 & University of Oregon

Karean Grawaationnl Wave Group Y ® Northwestern Uriversity of Sannio generation detectors
Lousiana State Unwersty 2 MONASH (g ' . Univ of Texas-Rio Grande Visley
Montana State Unwversty - UF FiORIDA Georgia Urwversity of Washingtan Started O3 run on April 1, 2018
Moniclair State University Tect Uriversity af Wisconsin-Mitwakee '
Moscaw State Unversiy LS

Washirgion Siate University
West Virgina University

Nazonal Tsinghua Universiy " o P— A
Nortfrvestenm University - EMBRY-ADOLE m <5 ‘Wnitman College 8 European countries 3 S v Meldava

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

W [ o S
{ACIGA) N . o
sity of Melboume, Universiy of Westem Austraia ) sebia

Germar/Brush Collaboraton for the Desection of Graviatonal Waves (GECS00) Bulgaria

Cardift University, Lednz Universitit Hannover, Albert-Einstein institut, Hannover, King's College London, Rutheriord Appieton Laboratory e

University of Bemingham, Unwersty of Cambridge, Universiy of Glasgow. University of Mambiurg, Usiversity of Sheffied, ; Y Greece
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Introduction to Gravitational Wave Physics 3. Detectors

aLIGO, aVirgo & KAGRA : Target Sensitivity
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Introduction to Gravitational Wave Physics 4. Detections

ENRERLZFHERT 5David Reitze LIGOFRE
2016F2A11H

“We had detected gravitational waves. We did it. ”
“Bal3, ENRERELE. POEITREDFE.”

https://www.voutube.com/watch?v=aEPIWEJMZVE

eFKEFHEE RAYEF1 (B¥) EXEER 2022/2 EBFH (KRIFEXZF)


https://www.youtube.com/watch?v=aEPIwEJmZyE
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S

Observation of Gravitational Waves from a Binary Black Hole Merger

B.P. Abbott ef 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
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
false alarm rate estimated to be less than 1 event per 203 000 years, equivalent to a significance greater
than 5.16. The source lies at a luminosity distance of 4 101“11868 Mpc corresponding to a redshift z = 0. 09+° 5.
In the source frame, the initial black hole masses are 363 M, and 2977 M ,, and the final black hole mass is
6211 My, with 3.073:2 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
detection of gravitational waves and the first observation of a binary black hole merger.

DOI: 10.1103/PhysRevLett.116.061102 Hanford, Washington (H1) Livingston, Louisiana (L1)
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FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered



B.P. Abbott,' R. Abbott,' T. D. Abbott,” M. R. Abernathy,' F. Acemese,™* K. Ackley,” C. Adams,” T. Adams,” P. Addesso,’
R. X. Adhikari, V. B. Adya,® C. Affeldt,” M. Agathos,” K. Agatsuma,’ N. Aggarwal," O.D. Aguiar,’ L. Aiello,"*"
A. Ain," P. Ajith,"* B. Allen,*'®'” A_ Allocca,'™" P. A. Altin, " S. B. Anderson,' W. G. Anderson,'® K. Arai,' M. A. Arain,
M.C. Araya,’ C.C. Arw:cncaux,21 1.8, Ameda.n N. Amaud,z“ K.G. Arun,“ S. Asccnzi,”'” G. Ashton, M. Ast, n

S.M. Aston,” P. Astone,”* P. Aufmuth,® C. Aulbert,” S. Babakf" P. Bac, . P.T. Baker,"'

F Baldaocini,“’ G. Banudin," S. W. Ballmer,™ J.c. Bmyoga. S.E. Barclaf, " B. c. Bmsh D urkcr"F Barone,™
B. Barr L. Banolti M. Banuglin, % D Barm, 1. Banlcn " M. A. Bartory nwn A Basti, g
J.C. Batch,” C. Baunc V. Bavtgaddn * M. Bazzan,*'*? B. Bchnkc,‘°M Bejger,” C. Belezynski,* A.S. Bell,*
C.lL. Bcll, B.K. Bcrgcr, 1. Bergman, G. Bergmnnn. C.P.L. Bcny, D. Bemman,46 AT A Bcrlollm, J. Bclzwimr.“
S. Bhagwat, 1’R Bhandare,** L. A. Bilenko.“G Billingsley,' J. Birch,® R. Birney,™ O. Bimholtz,* S. Biwnns."' A. Bisht,*"”
M. Bltow. C. Biwer,"” M. A. Bwouand 1 K Blnckbum. C.D. Blair,”! D.G. mmr,” R.M. Blair,” s, Bloemen,”
0. Bock,* T. P. Bodiya," M. Boer,” G. Bogaert,” C. Bogan,* A. Bohe,” P. Bojtos,** C. Bond,** F. Bondu,” R. Bonnand,’
B.A. Boom,” R. Bork,' V. Boschi,''"® S. Bose,”®'* Y. Bouffanais,® A. Bozzi," C. Bradaschia,'® P.R. Brady,"
V.B. Braginsky, M. Branchesi,”** J. E. Brau,”® T. Briant, A. Brillet,”” M. Brinkmann," V. Brisson,”* P. Brockill,'*
A.E. Brooks,' D. A. Brown, " D.D. Brown,* N. M. Bmwn.‘" c.C Buchman.’ A. Buikema,'’ T. Bulik, H.J. Bulten,""”
A. Buonanno,”® D. Buskulic,” C. Buy,” R. L. Byer," M. Cabem. L. Cadonmi o G Cagnoli,*** C Cahillane,'

J. Calderén Bustillo,”** T. Cnllmcr E. Calloni,”"* J. B Camp,” K. C. Cannon,” J. Cao,” C. D. Capano,* E. Cﬂpocn%a,
F. Carbognani,™ S. Caride,”' J. C Diaz,”” C. C ini,”*'* S, Caudill,' M. Cavaglia,”' F. Cavalier,”

R. Cavalieri,™ G. Cella,”” C.B. Cepeda,’ L. Cerboni Baiardi,”"** G. Cerretani,'*"” E. Cesarini,”*'* R. Chakraborty,'
T. Chalermsongsak,' S. J. Chamberlin," M. cmm.‘6 S. Chao,” P Charlton,™ E. Chassande-Mottin," H.Y. Chen,”
Y. Chen,” C. Cheng.’ A cmmnm. A. Chlummo H.S. Cho, M Cho,” J. H. Chow,”” N. Chnslenscn. Q. Chu,”
S. Chua,” S. Chung,”’ G. Cxam. E Clara,” J. A. Clark."‘ F. Cleva,” E. Cocm’ 12,13 PF. Cohadon,” A. Colla,”*
C.G. Collewte,” L. Cominsky,” M. Constancio Je,'" A. Conte,”** L. Conti,* D. Cook,” T.R. Corbitt,” N. Cornish,”
A. Corsi,”’ 8. Cortese,™ C. A. Costa,' M. W. Coughlin,™ S. B. Coughlin,” J.-P. Coulon,” S. T. Countryman,

P. Couvares,' E. E. Cowan,”” D. M. Coward,” M. J. Cowart,” D. C. Coyne,' R. Coyne,” K. Craig,’ J. D. E. Creighton,'®
T. D. Creighton,” J. Cripe, $. G. Crowder, A. M. Cruise, A. Cumming,” L. Cunningham,”® E. Cuoco, ™ T. Dal Camon.F
S. L. Danilishin,” S. D' Antonio,"” K. Danzmann,'™* N. S. Dmmm*‘ C.F. Da Silva Com. V. Dattilo, L. Dave,*
H. P. Daveloza,** M. Davier,” G. . Davies,”® E. J. Daw,*® R. Day,** S. De,™ D. DeBra,* G. Debreczeni, “J Degallaix,*
M. De Laurentis,”’* S. Deléglise,”’ W. Del Pozzo,* T. Denker, 177, Dent* H. Dereli® V. Dergachev,' R. T. DeRosa,”
R. De Rosa,” R. DeSalvo,”’ S. Dhurandhar,"* M. C. Dfaz,” L. Di Fiore,' M. Di Giovanni,” A. Di Lieto,""?

S. Di Pace,”?* 1. Di Palma,”* A. Di Virgilio,"’ G. Dojcinoski,* v. Dolique,” F. Domvan."’l( L. Dooley, S. Duravan.
R. Doug]as."’ T.P. Dcwncs,”’ M. Dmgo.s 8990 R W.P. Drcvcr. J.C. Dnggers. Z. Du M. Ducml S E. Dwyer.
T.B. Edo,** M. C. Edwaxds.’” A. Effler,’ H.-B. Eggcnsu:m." P. Ehrens,' J. Eichholz,” S. S. Eikenberry,” W. Engels,’
R.C. Essick," T. Etzel,' M. h»am.'” T.M. l:.van_\. R. hvcmn’ M. Futuumvidx,” V. Fafone,”"*'* H, Fair,”

S. Fauhmr." X. Fan,” Q. l'ang S. Farinon,*’ B. Far,” w M. Fan." M. Favata, M. Fays,”' H. Fehrmann,”

M.M. Fc]cr. D. Feldbaum,” L. Ferrante,""” E. C. Ferreira,'" F. Ferrini,** F. Fidecaro,'™"” L. S. Finn,” 1. Fiori,”*
D. Fiorucci,”” R. P. Fisher,”” R. Flaminio,**”* M. Fletcher,” H. Fong,” J.-D. Fournier,” S. Franco,” S. Frasca,”"*
F. Frasconi," M. Frede,” Z. Frei,** A. Freise,” R. Frey,” V. Frey,” T.T. Fricke,” P. Fritschel,'’ V. V. Frolov,” P. Fulda,’
M. FyfTe,® H. A. G. Gabbard,*' J. R. Gair,” L. Gammaitoni,”” S. G. Gaonkar,"* F. Garufi,””* A. Gatto,” G. Gaur,”*”

37

PRL 116, 061102 (2016) PHYSICAL REVIEW LETTERS l:muRL‘»\“;ll:

LIGO, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA

" Instituto A\axmnal de Puqumu Espaciais, 12227-010 Sdo José dos Campos, Sdo Paulo, Brazil

2 |, Gran Sasso Science Institute, 1-67100 L'Aquila, laly
Sezione di Roma Tor Vergata, 1-00133 Roma, Italy
v Centre for and Astrophysics, Pune 411007, india
“International Centre Jor Theoretical Sciences, Tata Institute of Fundamental Research, Bangalore 560012, India

W Umvﬂ.n’y af Wisconsin-Milwaukee, Milwaikee, Wisconsin 53201, USA
D-30167 Germany

1y, '

"Universita di Pisa, 1-56127 Pisa, laly
VINFN, Sezione di Pisa, 1-56127 Pisa, italy
, lian National U ty, Canberra, Australian Capital Territory 0200, Australia
*The University of Misvissippi, University, Mississippi 38677, USA
R rCnlqﬂnmc State University Fullerton, Fullerton, California 92831, USA
BLAL, Université Paris-Sud, CNRS/AN2P3, Université Paris-Saclay, Orsay, France
“Chennai Mathematical Instirute, Chennai, India 603103
SUniversitd di Roma Tor Vergata, 1-00133 Roma, Italy
"bruvermy of Southamptor, Southampion SOI7 iBJ, United Kingdom
@ Universitit Hamburg, D-22761 Hamburg, Germany
SINEN, Sezione di Roma, 1-00185 Roma, Italy
P Albert-Einstein-Institut, Max-Planck-Institut Juir Gravitationsphysik, D-14476 Potsdam-Goim, Germany
YAPC, AstroParticule et Cosmologie, Université Paris Dideror, CNRS/IN2P3, CEA/Irfu, Observatoire de Paris,
Sorbonne Paris Cité, F-75205 Paris Cedex 13, France
Monmna State University, Bozeman, Montana 59717, USA
2niversita di Perugia, 106123 Perugia, italy
”/WN ‘Jr..uw di Perugia, 106123 Perugia, ltaly
D Gi ! Ob v (EGO), 1-5602] Cascina, Pisa, Italy
j.S)m('u.rc University, Syracuse, New York 13244, USA
“SUPA, University of Glasgow, Glasgow G12 8QQ, United Kingdom
YLIGO Hanford Observaiory, Richland, Washington 99352, USA
Wigner RCP, RMKI, H-112] Budapest, Konkoly Thege Mikids it 29-33, Hungary
“Columbia University, New York, New York 10027, USA
UStanford University, Stanford, California 94305, USA
“Universita di Padova, Diparti di Fisica e A ia, 1-35131 Padova, ltaly
INFN, itzlane di Padova, 1-35131 Padova, laly
'CAMK-PAN, 00-715 Warsaw, Poland
A_vmmomkal Observatory Warsaw Universiry, 00-478 Warsaw, Poland
SUmversity of Birmingham, Birmingham BIS 21T, United Kingdom
‘°1/m cervitdd degli Stedi di Genove, 116146 Genova, laly
“INEN, Sezione di Genova, 1-16145 Genova, Iraly
“*RRCAT, Indore MP 452013, India
“Facuity of Physics, Lomonosov Moscow State University, Moscow 119991, Russia
“ISUPA, Untversity of the West of Scotland, Paisley PA1 2BE, United Kingdom
' University of Western Australia, Crawley, Western Australia 6009, Australia
‘l)epnrlmﬂll of Astrophysics/IMAPP, Radboud University Nijmegen, P.0. Box 9010, 6500 GL Nijmegen, Netheriands
“Artemis, Université Cote d'Azur, CNRS, Observatoirs Céte d'Azur, CS 34229, Nice cedex 4, France
*MTA Estés University, “Lendulet” Astrophysics Research Group, Budapest 1117, Himgary
“Instinat de .leslqlw de Rennes, CNRS, Université de Rennes i, F-35042 Rennes, France

) ot
PRL 116, 061102 (2016) PHYSICAL REVIEW LETTERS 12 FEBRUARY 2016

N. Gehrels,” G. Gemme,*’” B. Gendre,*’ E. Genin,* A. Gennai,"” J. George,** L. Gergely,” V. Germain,’ Abhirup Ghosh,"*

Archisman Ghosh,'* §. Ghosh,™” J. A. Gizime,™ K. D. Giardina,® A. Giezotto,”” K. Gill,” A. Glaefke," J.R. Glemn,‘

E. Goetz,”™ R. Goetz," L. Gondan,” G. Gonzdlez,” J.M. Gonzalez Castro,'*"” A. Gupakumnr " N. A. Gordon,™
M. L. Gorodetsky,” S. E. Gossan,' M. Gosselin,™ R. Gouaty,” C. Graef, P. B. Graff,"” M. Granata,* A, cmm,"' S. Gras,"
C. Gray,” G. Greco,”** A.C. Green,* R.J.S. Greenhalgh,'™ P. Groot,”” H. Grote," S. c.mnev.nld, G M. Guidi,”**

X. Guo,™ A. Gupta," M. K. Gupta,” K. E. Gushwa,' E. K. Gustafson,’ R. Gustafson,” J.J. Hacker,”” B. R. Hall,*®

E.D. Hall,' G. Hammond," M. Haney,” M. M. Hanke,* J. Hanks,"” C. Hanna,”” M. D. Hannam,” J. Hanson,”

T. Hardwick,” J. Harms,”"** G. M. Harry,""' L W. Harry,” M.J. Hart,"" M. T. Hartman,” C.-J. Haster,"” K. Haughian,*
1. Healy,'” J. Heefner,'" A. Heidmann,” M. C. Heintze,** G. Heinzel," H. Heitmann,” P. Hello,” G. ucmming,-“
M. Hendry,” I S. Heng," J. Hennig,™ A. W. llcptonsiall. M. Huus"”s Hild,* D. Hoak,'"” K. A. Ilodgc D. Hofman,
S.E. Hollitt, ™ K. Holt,® D. E. Holz,”® P. Hopkins,” D.J. Hosken,'™ J. Hough,” E. A. Houston,” E.J. Howell,”
Y.M. Hu," S. Huang,™ E. A. Huerta,'*? D. Huet,”* B. Hughey,” S. Husa,* S. H. Huttner,”® T. Huynh- Dmh,‘ A. Idrisy,”
N. Indik," D. R Ingram,” R. Inta,” u N. lsa".l M. Isac, M. Isi,' G. Islas,”” T. Isogai,'” B.R. Iyer,”* K. Izumi,”
M. B. Jacobson,' T. Jacqmin, “'u Jang,” K. Jam 'p. Jnmnawskx 1% 8. Jawahar,""” F. Jiménez-Forteza,“ W. W. Johnson,”
N. K. Johnson-McDanicl,'” D.L Joncs R Joncs R.J.G. Jonker,” L. Ju,” K. Haris,"® C. V. Kalaghatgi,**”'

V. Kalogcn. S. Kandhasamy,” G. Kang,” J.B. Kanncr. S Karki,”” M. Kasprzack,>** E. Katsavounidis,"”
W. Katzman S. Kaufer,'” T. Kaur,” K. Kawabc F l(awazoc 'E, Kéféhan.”M S. Kehl,” D, Kcncl 5D, B. l(cllcv‘
W. Kells,' R. Kmmcdy. D.G. chpcl 1.8. Kcy * A. Khalaidovski,” F. Y. xhauh.“l Khan,” §. Khan"’z Khan,”
E. A. Khazanov,'™ N. Kljbunchoo. C. Kim,” J. K1m“°]( ](u:n“l Nam-Gyu Klm. Namjun Kun Y-M. l(.u'n.llE
E.J. ng"“m King," DLKmul, J.S. Kissel,” L. Kleybolte,”” S. Klimen} sw Koehlenbeck,” K. Kok ?
S. Knlcy V. Kondmtmv A. Kontos,'" S. Koranda,'® M. Kombko W.Z. Korth,' L Kowalska,* D. B. Kozak,

V. Kringel,* B. Krishnan,* A. Krélak,""*'"” C. Krucger,”” G. Kuchn,* P. Kumar,” R. Kumar,* L. Kuo,” A. Kutynia,
P. Kwee,” B. D. Lackey,™ M. Landry,” J. Lange,'” B. Lantz,’ P. D, Lasky,'* A. Lazzarini,’ C. Lazzaro,“*** P. Leaci,”*"***
S. Leavey,”® E. O. Lebigot,™™ C. H. Lee,"" H. K. Lee,""! H.M. Lee,'™ K. Lee,”® A. Lenon,™ M. Lccnm.’"”
I.R. Leong,” N. Leroy,™ N. Lctcndm.7 Y. Levin, ™ B.M. Levine,”’ T. G.F. Li," A. Libson,"” T. B. Littenberg,'"®
N.A. Lockc:bic.m J. Logue,” A. L. Lombardi,'” L.T. London,” J. E. Lord,”® M. Lorenzini,"™"* V. Loncttc.' 7
M. Lormand,’ G. Losurdo,” J. D. Lough,*'” C. 0. Lousto,'” G. Lovclm:’ H. Liick,"™® A. P. Lundgren,” J. Luo.

R. Lyncn"’Y Ma,”’ T. MacDonald,* B. Machenschalk ‘M Maclnnis,"” D. M. Macleod,” F. Magaiia-Sand

R.M. Magee,™ M. M 'E. Maj * I, Maksi m. 17V, Malvezzi, ™" N. Mm”lech"VMmdlc.

V. Mangano,” G. L. Manscu.’“ M. Manske,'® M. Mantovani,** F. Marchesoni, B Manon. S. Mérka,” Z. Mérka,”

A.S. Markosyan," E. Maros,' F. Martelli,”"** L. Martellini,”* I. W. Martin,*® R. M. Martin,” D. V. Martynov,' J. N. Marx,’

K. Mason,'” A. Massu\)t,T T.J. Massingu.’ M. Mﬂsso-Rc.:id.1 “F. Mauclmrd.m L. Matone,” N. Mava.lvala.m
N. Mazumder,” G. Mazzolo," R. McCarthy,” D.E. McClelland,” S. McCormick,” S. C. McGuire,"* G. Mclntyre,'

J. Mclver,' D.J. McManus,* S. T. McWilliams,'” D. Meacher,” G. D. Mcadors, ’“J Mcidam,” A. Melatos,™

G. Mendell,” D. Mendoza-Gandara,® R. A. Mercer,'® E. Merilh,” M. Merzougui,” S. Meshkov,' C. Messenger,*

C. Messick,” P. M. Meyers,*' F. Mezzani,”"” H. Miao,"” C. Michel,” H. Middleton," E. E. Mikhailov,'” L. Milano,”*
J. Miller,' M. Millhouse,” Y. Minenkov," J. Ming,”* S. Mirshekari," C. Mishra," S. Mitra,'" V. P. Mitrofanov,
G. Mitsclmakher,’ R. Mittleman,'® A. Moggi,'” M. Mohan,™ S.R.P. Mohapatm ' M. Montani,”** B.C. Moore,™

C.J. \:loorc.mD Moraru,” G Moreno,”” S. R. Mon'isa. K. \lossa\i. B. Mours,” c M. Mow- Lowry,” C. L. Mueller,®

G. \‘Iudlcr, AW, Mulr, Arunava Mukhcx]u: D. Mukhcr]u:. § Mukhcl]ec N. Mukund, HA. Mullav:y,

J. Munch,"™ D. J. Murphy,” P. G. Murray,*® A. Mytidis, I. Nardecchia, " L. Naticchioni,”* R. K. Vayak.' 7 V. Necula,®
K. Nedkova, ™ G. Nelemans,”™* M. Neri, " A, Neunzert,” G. Newton,* T. T. Nguyen,™ A. B. Nielsen,” S. Nissanke, ™
A. Nitz," F. Nocera,* D. Nolting,® M. E. N. Normandin,** L. K. Nuttall,”® J. Oberling,” E. Ochsner,'® J. 0'Dell,'™
E. Oclker," G. H. Ogin,'** 1. J. Oh,** S. H. Oh,'* F. Ohme,”" M. 01ivcr.*’ P. Oppcnnann.B Richard J. Oram,” B. O"Reilly,®
R. osmu.,hnmy,“”(‘ D. O, D.J. Otaway,'™ R. S. Ottens,’ H. Overmier,® B.J. Owen,” A. Pai,'™ S. A, Pui,*
1. R. Palamos,” O. Palashov,'"” C. Palomba,”® A. Pal- -Singh, “"H. Pan,” Y. Pan,” C. Pankow,* . Pdnmmlc, B.C. Pant,”®
F. Paoletti,™"” A. Paoli,™ M. A. Pupu,”””H R. Paris, W. Purkcr, D. Pu.\(,uct.l, A. Pasqualetti,™ R. Pu.\\uqulcu hid
D. Passuello,® B. Patricelli,*"” Z. Patrick,” B.L. Pwlslou:. M. Pedraza,' R. Pedumnd L. Pekowsky. A. Pele,’
S. Pcnn,l‘f’ A. Perreca,’ H. P. Pfeiffer,™ ¥ M, Phclps. Q. Piccinni, 938\, Pu,hol, M. Pu.kmpauk. F. Piergiovanni,” 5758

061102-12

2017 NOBEL PRIZE IN PHYSICS

Rainer Weiss
Barry C. Barish
Kip S. Thorne

99164, USA “for decisive contributions to the LIGO detector and the observation of gravitational waves”

116, 061102 (2016)

PHYSICAL REVIEW LETTERS week end

PRL 116, 061102 (2016) 12 H-_BRLARY 20]6

V. Pierro,” G. Pillant,™ L. Pinard,” I. M. Pinto,” M. Pitkin,” J. H. Poeld,* R. Pogginni R Popoliﬂ'o A PmL
J. Powell,” J. Prasad,'* V. Predoi,”' S.8. Prtmachnmlm,”" T. Pmswgnrd " L.R. Price,' M. Pnjmelj, M. Pnncxpe,
S. anncru."R Prix,” G.A. Pmm‘”""l Prokhorov,” 0. Puru.kcn M. Punlum ¥ P. Puppo,”® M. Piirrer,” H. Qi,'
1. Qin,”" V. Quetschke,* E. A. Qum(cm R. Quitzow James Fl Raab,” D S. Rabeling,” H. Radkins,” P. Raffai,™
S. Raja,** M Rakhmanov," C.R. anu, P R *V. R M. R 19y Re,” J. Read,”
C.M. Reed,” T. Regimbau,”’ L. Rei,*’ §. Reid, D H, Renze"n sz""s D. Reves F. Ricci, ™™ K. Rues,"‘
N. A. Robertson,'*® R. Robie,” F Robinet,”> A. Rocchi,” L. Rolland 1.G. Rollins," V.J. Roma,” J. D. Rumum
R. anum»,“ G. Romanov,'? J. H. Romie,® D. Rnsir’wku,m'“ S. Rowsan,™® A, lehg,m', P. Ruggl, K. Ryun
S. Sachdev,’ T. Sadecki,” L. Sadeghian,'® L. Salconi,™ M. Saleem,'™ F. Salemi,* A. Samajdar,'”" L. Sammut,">""*
L. M. Sampson,* E.J. Sanchez,' V. Sandberg,”” B. Sandeen,* G. H. Sanders,’ J. R. Sanders,™** B. Sassolas,™
B. 8. Sathyaprakash,” P.R. Saulson,™ O. Sauter,” R. L. Savage,”” A. Sawadsky,'” P. Schale,” R. Schilling,*” J. Schmidt,®
P. Schmidt,"® R. Schnabel,”” R. M. S. Schofield,” A. Schénbeck,”’ E. Schreiber,® D. Schuette,*'” B. F. Schutz,”®
1. Scott,® 8. M. Scott *p. %Ilcm, A.S. Sengupta,” D. S * V. Sequino,”" A. Sergeev,'” G. Sema,”

Y. Sctyawatl. %% A. Sevigny,” D. A. Shaddock, T. Shaffer,” S. Shah,”* M. S. Shahriar,"> M. Shaltey,® Z. Shao,’'
B. Shapiro,” P. Shawhan,™ A. Shepcrd *D.H. Shocmakcr.mD M. Shoemaker,” K. Sicllez,”*** X. Siemens, ' D. Sigg.”
A.D, Silva," D. Slmnkov. A Singer,’ l...P Smgcr. A, Sln;,h"’s R. Slm,h,‘ A. Smghal 2 A, M. Sintes,”
B.J.J. Slagmolen,” J. R. Smith,” M. R. Smith,' N.D. Smith," R. J. E. Smith," E.J. Son,** B. Sorazu,” F. Sorrentino,”

T. Soumdcep"AK.Snvastzva. A Stalcy. M. Smmkc. 1. Steinlechner,™ S. Steinlechner,™ D. Stei 7
B.C. Stephens,'® . P. Stevenson,”® R. Stone,™ K. A, Strain, ™ N, Straniero,” G. Stratta, ™ N. A. Strauss,” S. smgin."’
R. Sturani,"! A.L. Stuver,” T. Z. Summerscales,' L. Sun,* P.J. Sutton,”’ B.L. Swinkels,” M.J. pariczyk,”

M. P. Thirugnanasambandam,” E.G. Thomas,"* M. Thomas,” P. Thomas,” K. A. Th

S. Tiwari,” V. Tiwari,”" K. V. Tokmakov,'”” C. Tomlinson,** M. Tenelli,'"®'* C. V. Ton ioeD.

F. Travasso, ™ G. Traylor,” D. Trifird,”’ M. C. Tringali,** L. Trozzo,"*"* M. Tse,'® M. Turconi,” D. Tuyenbayev,”
D. Ugolini,'™ C. S. Unnikrishnan,” A.L. Urban,'® S. A. Usman,” H. Vahibruch,'” G. Vajente,' G. Valdes,”

M. Vallisneri,”® N. van Bakel,” M. van Beuzekom,” J. . J. van den Brand,*" C. Van Den Broeck,” D. C. Vander-Hyde, >
L. van der Schaaf,” J. V. van Heijningen,” A. A. van Veggel,” M. Vardaro,*'*’ S, Vass,' M. Vasith,™ R. Vaulin,"’
A. Vecchio, G. Vedovato, J. Veitch, ™ P.J. Veitch,'™ K. Venkateswara, ' D. Verkindt,” F. Vetrano,”** A. Viceré,"**
S. Vinciguerra,” DJ Vine,¥ J.-Y. Vinet,” S. Vitale," T. Vo, H. Vocca, ™™ C. Vorvick, "D Voss,” W. D. Vousden,
S.P. Vyatchanin,” A, R. Wede,” * L. E. Wade, ”’M \\adc"-SJ Waldman,'” M. Walker,” L. Wauaca S. Walsh, 1633

G. Wang,"” u Wang,** M. Wang. X. W, : Wu-d.” R.L. wm:‘ J. Warner,”” M. Was,” B. Weaver,”
L-W. Wei,”* M. Weinert,* A.J. Weins lborn,® L. Wen,”' P. Wegels," T. Watphal.x K. Wette,*

1. T. Whelan, "‘“s E. Whitcomb,' D. J. Wi " K. Wiesner," C. Wilkinson,” P A. wlucms‘ L. W'Llhamss
R.D. Williams," A.R. Williamson,” J. L. Willis,""’ B Willke,'™* M.H. Wimmer,"'” L. Winkelmann," W. Winkler,"

C.C. Wipf,' A.G. Wlscman," H. Wittel,*'” G. Woan," J. Worden,”” J. L. Wright,"* G. Wu,” J. Yablon,* I. Yakushin,®

W. Yam,"” H. Yamamoto,' C. C. Yancey,” M. J. Yap,” H. Yu,"" M. Yvert,’ A. Zadrozny,'"? L. Zangrando,** M. Zanolin,”

1.-P. Zendri,*” M. Zevin,* F. Zhang,'” L. Zhang,' M. Zhang,'™ Y. Zhang,'” C. Zhao,”’ M. Zhou,* Z. Zhou,* X.J. Zhu,”'

M. E. Zucker,""" S.E. Zuraw,"™ and J. Zweizig'

M. Tacca,” D. Talukder,” D. B. Tanner,’ M. Tépai,” S.P. Tarabrin,* A. Tm:i

(LIGO Scientific Collaboration and Virgo Collaboration)

'LIGO, California Institute of Technology, Pasadena, California 91125, USA

}Louisiann State University, Baton Rouge, Louisiana 70803, USA

YUniversita di Salemo, Fisciano, I-84084 Salerno, Italy
“INFN, Sezione di Napoli, Complesso Universitario di Monie S. Angelo, 1-80126 Napali, Italy

*University of Florida, Gainesville, Florida 32611, USA

“LIGO Livingston Observatory, Livingston, Louisiana 70754, USA

"Laboratoire d'Annecy-le-Vieux de Physique des Particules (LAPP), Université Savoie Mont Blanc, CNRS/IN2P3,
F-74941 Annecy-le-Vieux, France
Albert-Einstein- hu-nrul Max-Planck-Institut fir Gravitationsphysik, D-30167 He Germany

M.Ultf Science Park, 1098 XG Amsterdam, Netheriands

061102-13

~ veek end:
PHYSICAL REVIEW LETTERS 12 FEBRUARY 2016

2 ponusy Gil '"_""wp of Astronomy, University of Zielona Géra, 65-265 Zielona Géra, Poland

Andrews Unlwr.m). Berrien Springs, Michigan 49104, USA
*Universita di Siena, 1-53100 Siena, Ialy
O rinity University, San Antonio, Texas 78212, USA
bnbcr:lry of Washington, Seanie, Washingron 98155, USA
‘Ken)'nn College, Gambier, Ohio 43022, USA
Abilene Christian University, Abilene, Texas 79699, USA

Deceased, April 2012,
Deceased, May 2015.
Jeceased, March 2015.

Z&1010
PRL 16—



arXiv:1606.01262
B.P. ABBOTT et al. PHYSICAL REVIEW D 94, 064035 (2016)

APPENDIX B: SIMULATION RANKINGS

In this appendix, we enumerate the simulations used in this work, ordered by one measure of their similarity with the data
(In L, in Table III). For nonprecessing binaries, Fig. 6 provides a visual illustration of some trends in In L versus mass ratio
and the two component spins.

TABLE IIl. Peak Marginalized In L I: Consistency between simulations: Peak value of the marginalized log likelihood In L [Eq. (7)]
evaluated using a lower frequency f},, = 30 Hz and all modes with / < 2; the simulation key, described in Table II [an asterisk (x)
denotes a new simulation motivated by GW150914, and a (+) denotes one of the simulations reported in LVC-detect [1]]; the initial
spins of the simulation (using — to denote zero, to enhance readability); the initial y.¢; the total (redshifted) mass of the best fit; and the
starting frequency (in Hz) of the best fit. Though omitting information accessible to the longest simulations, this choice of low-frequency
cutoff eliminates systematic biases associated with simulation duration, which differs across our archive, as seen by the last column.

InL Key q Xlx Xl,y Xz X2x /YZ,y X2z Aeff Mz/M® fstart(HZ)
272.2 SXS:BBH:0310(x) 1.221 0.00 73.0 15.1
272.1 D12 gl.00 a-0.25 0.25 nl00(*) 1.0 0.250 -0.250 -0.00 73.2 20.5
272.1 SXS:BBH:0002[ S] 1.0 0.00 73.2 10.0
271.8 D11 g0.75 a0.0 0.0 nl100(x) 1.333 —-0.00 72.1 23.1
8 OXS:BbBH: (€25) T.221 0.330  --- - =y ) )
6 SXS:BBH:0218 1.0 =0.500 --- ) . 73. .
271.6 SXS:BBH:0198 1.202 0.00 73.4 12.7
271.6 SXS:BBH:0307(x) 1.228 0.320 e e —-0.580 -0.08 70.0 17.0
271.6 GT:BBH:476 1.0 —0.200 -0.200 -0.20 67.9 24.3
271.6 SO D10.04 gl.3333 a0.45 -0.80 nl00 1.334 0450  --- ... —=0.801 -0.09 719 279
271.5 D12.00 ~g0.85 a0.0 0.0 nlOO(*) 1.176 —-0.00 73.0 20.6
271.5 D12.25 gO0. 82 a-0.44 ~0.33 nl00(x+) 1.22 0.330 —-0.440 -0.02 72.9 20.2
271.5 SXS:BBH:0312(%) 1.203 0.390 —-0.480 -0.00 73.9 14.8
2714 SXS:BBH:0127 1.34 0.010 -0.077 -0.017 -0.061 -0.065 -0.179 -0.09 71.5 14.3
2714 SXS:BBH:0115 1.07 0.019 0.013 -0.204 0.243 -0.067 0.291 0.04 74.1 13.8
271.3 SXS:BBH:0213 1.0 —0.800 0.800 0.00 73.2 11.7
2713 UD D10.01 gl.00 a0.4 nl00 1.0 0.400 —-0.400 -0.00 73.4 26.7
271.2 D12 ql1.00 a-0.25 0.00 nl00(¥) 1.0 ..~ —=0.250 -0.12 694 21.8
271.2 SXS:BBH:0222 1.0 -0.300 -0.15 69.1 12.3
271.2 SXS:BBH:0217 1.0 —0.600 0.600 0.00 73.2 11.9
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Introduction to Gravitational Wave Physics 4. Detections

GW1509114:FACTSHEE,T

BACKGROUND IMAGES: TII\LREQUENCY TRACE (TOP) AND TIME-SERIES Ejj l&b *ﬁtﬂ é h] | &

(BOTTOM) IN THE TWO LIGO DETECTORS; SIMULATION OF BLACK HOLE
HORIZONS (MIDDLE-TOP), BEST FIT WAVEFORM (MIDDLE-BOTTOM)

first direct detection of gravitational waves (GW) and first direct observation E , ' &b m m z g T
of a black hole binary ' | &
observed by LIGO L1, H1 duration from 30 Hz ~ 200 ms " '
source type black hole (BH) binary | # cycles from 30 Hz ~10 B H '? . =

date 14 Sept 2015 peak GW strain 1x 102
time 09:50:45 UTC peak displacement of +0.002 fm N »
likely distance 0.75 to 1.9 Gly interferometers arms B H )} l ) e '
230 to 570 Mpc frequency/wavelength 150 Hz, 2000 km g -
redshift 0.054 to 0.136 at peak GW strain
peak speed of BHs ~0.6¢c
signal-to-noise ratio f4 peak GW luminosity 3.6 x 10%¢ erg s™ 3 E’A L \ I
talse alarm prob. < 1in 5 million radiated GW energy 2.5-3.5 Mo nm
false alarm rate <1in 200,000 yr remnant ringdown freq.  ~ 250 Hz
Source Masses Mo remnant damping time ~4ms
a2 e wncsoows | \(f@ detected GW |
primary BH 3210 41 consistent with passes all tests -
secondary BH 2510 33 general relativity? performed

remnant BH 58 to 67 graviton mass bound <1.2x10%2eV '
mass ratio 0.6to 1 We cou Id detect GW =

coalescence rate of 2 to 400 Gpc? yr!

primary BH spin <07 binary black holes
secondary BH spin <0.9
online trigger latency ~ 3 min = I
remnant BH spin 0.57 t0 0.72 # offline analysis pipelines 5 B H eXI sts -
signal arrival time arrived in L1 7 ms - 50 million (=20,000
delay before H1 CPU hours consumed !

PCs run for 100 days)

Ii!(e|y Sk){ posif:ion Southern Hemisphere bapers on Feb 11, 2016 1 B H b i n a ry ex i Sts !

likel tat face- f
AV RN afqgn/e YAl ~1000, 80 institutions
resolved to ~600 sq. deg. ) )
in 15 countries

= =
Detector noise introduces errors in measurement. Parameter ranges correspond to 90% credible bounds. G R I S rl g ht as th e ot h o rd e r '
u

Acronyms: L1=LIGO Livingston, H1=LIGO Hanford; Gly=giga lightyear=9.46 x 10> km; Mpc=mega
parsec=3.2 million lightyear, Gpc=103 Mpc, fm=femtometer=10"> m, Mo=1 solar mass=2 x 103 kg
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Signhal-to-Noise Ratio (SNR)

Let the true signal h(t), the function of time, is de-
tected as a signal, s(t), which also includes the unknown
noise, n(t):

s(t) = h(t) + n(t).

The standard procedure for the detectien is judged by
the optimal signal-to-noise ratio (SNR), p, which'is-given

by 1/2
.y [ /°° h(f) () df} |

Sn(f)

where h(f) is the Fourier-transformed quantity of the
wave,
= [ emrtnaa

and S,(f) the (one-sided) power spectral density of
strain noise of the detector, as we showed in Fig. 1.

—
N
o
—
N
E
©
S
fren)
%)

LIGO Hanford Data = Predicted , |

4l )
ol @D @'
< T F
o 05
X, :
'% 00 |
S R
B 05f \
R L EEORATILEEDISD X
o i TS99 R—IVHERD
10 | s BHEKEN
...................................
25 20 -15 -10 -5 0 5
\_ R [3UR] ORI )
\ )
< " 6
\% Kagra
~
—
(D]
g wep | TOBA
+
2,
g
= aVIRGO
% 10 A /
: \\"LK/MGO
= ET
s
o
100
frequency|Hz
. quency[Hz| y

/6



—
—
\

i

INKIE R

A
=

E3

2017F1BE> 7 —HER

Bh—00 XONEN 1100 1FUELHSLEHES | EMA0° URVERN HOES (B~ o) L4 Q7 HE
SR@PRNOEEY ] - [B] SR wE O 9R H KR | BYR IR (BE )

[M] BEEEEEHEEUSEONEHPE0° HEEHCEHEVOROFKER +PERUGIIE WDhd [y
SONEVREVSONONSRERSSTEEYE HESLDLEHC | BUOoOMe | BEORBRUYNE O LCEERH
A0 DA FRERUIO0Y TERE[ZME] U DOERDBINL S0 P OEE SRR A S 0 R
(VB0 RIEC RECHEVEKE ANHEKUOKERHH LB IVLEO LSRR 10n | |+ HR
LB EHENCBECLLUIMH0Y T IERHERUED OVIULS0 L 1O BHCEEEERVSPERY
BEOFE0° | 8L QIHEKEREH — HIECHUURDOSMNDUKRE O S O LEPEK°

(O] 81 I KEEKENE THREY S 0N ENBEED0 N KUSEH ZHEEEY SO0+ DERE
K D TN D0 U S AR REO P RS | |- HRES SR RS R BO 20611 E— N ALEE
SRV O M L0 i 306 M0’ BEOEIIEN RNVOYNMEIEE HEESIGEUHT v DL
EEWKS T REHCRNEENR L CEESRE U0 Uil 20

(] +RERE01 [+ HREF LEDPBEHVSNUACRELE SNV UAZEROPRIEVEDS N QL — RiES
HEUQEEDVE K ORRVE O VS [£0 VZIN] UIAK O—RARBERVEIOBLER R0 D& |+
REH CL Y — HEHEEEESHHLSOFE0 BLOTH—HEVT THOHEANEED FEVEERQUIN
NACRERLRD HEEOEUKEPHHDMIKERLEOTD WO PUN KL< HEVE DTS MK
&< BEPORROERUEERREON I WOEK K 0v<ENER MO0 M HLESREAS O LIKOH
FBUEBIA0HNLLO VLR EEY 2 —MECLOTON<HER<E LMWK LK S VPO OELV S

RO Zih—RERRO Y WHBVHATPREAR LLLSCmY SHELIEEGREVOMEINLPVR® o

(3e)

REeREBE2AN )¢ DERBED REME ERRESSURVOEPKER’ B or[#0 VRN VI nKO—
RACERRDEEORR RV RERVERE R U NRLERRRH I ENR SR 200 DR

(=] 28" ZWRBKLVOM[H0 URIN]USNRBUSDAURLD NEHNI[EFRERVENIRIVINESS
DR EHFURPOERGEER OHKE LEFRXERUSLORIOMERT 1)NE0E K<O | REK ¢ CRIRECHE
Xe' THEWNODNIOREVINREORFMELI SO0

[3] QN HERY | MWD LORESEUIIE NoANKUVARG TIALR0" T1A LUt S E I ST
REEM S0 <EREVHEOBOTOUEEY BESRVENR DYWORMEENY N NEXAP0® <ECEELH
27 <EOZRQOUHBNL EEAOMEOPVER D& CHENKBENEKMENYHRS BRUEROMDS
AL VERPRERVEO P20 NDAKVUARTY REPE 3R HERUSSOLHAWED V0L
SNINOEETR—AUFHRERPIRUIN WO 1SN BRROLTX—NVHJWBEL Zh R
OUEBOREVSNES T X— N PENOS MRS EHRTOVKETH R0 UL 0 UEKSREN
O WRENPOAKBOH S VRRERHATONEOWVIN MK HEEUEMSHREY S0 v-X— NG
AOEOKAR DR BHANN DR EUSER0H0 SBELKO LI ( SRERED | EOLHES
VESAQEHAUIOTX—AUERRL O LN IRNR°

[©] M2ANKVUNRORIRES ZHNREOH S LNRC [KEVREONERCRAV I OES X~ | MEH S KB
BON BRIV KHORIOSE MO HVPRI<EYR—N] NHOCTI AT T R—in DE o R0 UM H
EOLSPER WOl EHHAOPNOHKLRHREVEV RESHHOUL HE CEHHUIERUHD v E— KK
ARY—WHIKD THHOES OHERGHVEFIPRNRBRP 0N HERED REEDKRIVIL 0L
AT TRRERAMHOM 210 VNEOE U OUE 8 .

(] ORBONE—KKRARY—6 | ERHLHN | RKRFUDH—L—8" +1 | #CHTNE D MERONKEREY

(2601—4)

(2601—5)



]

=

BEIZ 22—

INKIE R

A
=

E3

2017F1BE> 7 —HER

‘‘‘‘‘ N e o o Al b R Nt ITHEAN VoeEyw ™N7Y V'Y fENT S TT RNy Y VT N e TARTRNG A=TRN Y mie Y ANV NV TV VIS D

AT T ANRELHD 20 JUNEDE U NS 160"
b
TR O PE—KKARY —0 | EASHN | REREURH —Z—%" 4| B Hmb a1 ER LK

(30)
EZM ERECENUSRONVERRON NRMN N 2Ly ANV ERERSOILS ERESHRENRVOE

FUHOLEPRNT NOHEFLRIY KRBV HNHBBVKLOP S NAVINEREEKS AEKK R
D H =% — QEEEAKIM 0160 S — 2bER LK R RS b R RER 0 &S HEV S ARKOELS TR R -4
ERVERIOO RN KBS SERVER0IUE DH—C—ORERBOMRD 1S HNSKSECHRR
B SOHERRR UL D2 KERFNOHENKCORUKERRD #MEDH X —SEIONE
REREHOUIOUREO UML) CRIERKE QKL 0 PEBINO S KERR CEIM LR A0 UL
-

[0] H$HRKOTLUL KEVMOELRQHVUC HNSERUH0RRREO MRS WRUVMIMRERKOKERY
AITTUR0T DRORKOEH VIO dWnThH ) UREMLS ERECEE QN HEEK SN KE
RUIKRARREOHIOLEN EREREINLNY XKDERLER VRULERELEINSHLL X& |
HERMOR" DRIMNUSHS HRERBEPOZUNEIED HOLSCKELEPEN" ERKKSHRVINR |
RRELO RN ERD VROIVSINEE BREREEFQLUNZVEONDL (ML NETHEVE MDY
H0H5° DAY WOREME D PERSERV UL S LADT RERHLSLPCME D LAUNEERROHIT D
20" BEURERSORY ERESHEKEVIN)UELR0M )T ADAKULARE Q10 LERY [KE
WO EIER| V21 310°

[c] BRECEFUROPE 1SHNMEEREHD WOREMRHLKHFORKBERIN TRV EOULEEL 0
(3 SEHOFRHRO0) #E TREMCCHMBRIMMN O ADUOY EMUCHRENSVE O VKHEVE
B OPEKE ERECEESEENIELE S0 A NS EREUIERECIEEAP D M EUKE L O

BRODOR S B8N LS ERNKELOEES SHOREMEKINVINIULRR®

(2] P2AKVUARE DEHNBE—KKRART—RAUL [H 0 U0 EHVRFL0SM0R° BHHRENS |

(2601—6)

~ DH—Z——N\MMUN - DH~Z~(IR|IR-11000)° NEHH°
o EHRE —HFHOLRARK VLN PRKEKELOCRE | R KEUANYTANAXATNEV SO S °
o HRECHEHIZREUKIHNNSY — DH—~Z—UY%EHCHHBERWLSLEONE 110 | K NXORSERN—

R EEHUEROXVRK O’

© 1=Trmmo © HERTESNMOTN
@ DT SSHRENEEC @ NIaXYBED
TFevl ® ﬂ...,pé%nwa B MATN| @ NDUFASNRUVSHEE
o || ® Frausopxgeo < || ® TorbEE
©® D NDRSQERE Y | @ BER TN




201741 BABRIEAY i

) I KO, B 1 2EALTEERT, BEu(kg) OBEA UT, BhEp LRER) 25, &
CEACE?D N —F (FASN) 2 CEBLTVWA L Z0EHARAERRTIL

1| Z=prege, MeicEz Lo, (B 60) NTED, UFTIE, BAp PELIEZHRLETEEEL () OMEALE, ARE o THE

MBS 2 E4E2 L), 2O00EADEICIZ6 KHAFINGE, BEVOULERHRDA

01549 F 14 B, ENEIBR SN, ZOEHER, BELEOIL2T2O0T Ty LEoTHRE Y, BADEEICRERBRTH D, LIdoT, E0L) REERPLRTYH,
71““)1/173‘_1_1_‘1\0)%” %@ﬁt&iﬁc)@f% = ’%%Lf:t gb:, ﬁﬂjénf:%)@fikl/"‘)o U\—F’C“i %@j(% é&iﬁﬁ?lﬂ%;ﬁ% G [NmZ/kQZJ t L( G m[}’znz ——(;})Z)o i f:, ‘ﬂf;[‘E@ﬁﬁ%
2007 Ty rR—NVk, BEm, mykg) D2O0Em (LT, E1, B2LHE) AL m
L, FERNOTTCENL ) ZEB % T 20 % N¥ENBEPORARTAHE ), RigL LHASINC L BT IVF - —C =~ Th b,

(1) B1, E20REB~NZ MikTn, nlm), EEL0, v m/s) L5, UTT, WEE 3) BAx OMHESIZoWT, RLAMOEBHER 4 E X, AEE o (rad/s) 2R &,
X OBUNEEEM 4t (s) OEOEILE AX LEERT I LT b ZOFEHFTE, BN 2L, EEOEER, DIEXRAT LB,
7 MV OB, BENS MV kBT, Adn=0dt L b, TORE, DTFOLD
SEBTH Vs, B3) OfERiE, MERORMO 2 FAEEL O RIIHITHIEERLT
;;:AA_?' wa, chi, [ | BENCHET 2.
E1OREOEAv, (m/s) &, B205R 110175 HAEFINFE (N) oriziz, 4) BE p ONFWIFIVF—E (J) 2RO, ¢ LOBBREBERD ST 7 18T,
mydv, = FAt @ 5) EHEORIBICE D AEHIILET—dEbhsl, ¥Fr., AEE0 BLUOEA L
£V B D 5. RO DEEAL CELWIEERLTOE, —F, DEERED LS BT B0, WEMDSEAEREL SO % BUATHD,
E1ALE2IREL S, DAL D —F L2 50T, ROBHRIH

(3) (2) TiktxHEBICEBEL, BELCZEL1OAY %

URA=N
myd vy = —F At ) B20MESTHLRABUSETER L, BEICRE],
2D, @11, E23EVORE) 20> THEEEE L THEH2DT,
m1AE+mZAE=A(m1E+sz) —0 ® DEIBRFRIFEINLEWVETED, E20HEX
WCBEPZAHI LT, FPEVRHEIN TS,
1) RODOERTYWHEHAE & BIRIZBN Lo COEBETOEERLORL L &I, B, B2
RO AIFEE I 0 (rad/s) T, FNENELE 4, £, (M)
21, 220ECONE~Y VR (m), BEY (0/s), MABRA (m/s) &, K0 & DRI E L TVEEERS (M1EM), K&
HZREIND, mymy \ .
5 e+ myry *=£:m17’:+m2;; Zzﬂ G 7 DFAESHEELHE L THESHT L2256, H K1 Ewomb%EE
mtmy a - mtm t EHOFLE, 1, 2 E/AMS LIS B, B, TEELILED

21, 20 BB FRAL A CHET S &
2) B 1) OEEAEEZ, EONED LS REBET 2 P HRICEA L, =7

B B zl=ml'ffm2 ’gzzmlﬁlm/ L b, aE0NE
(2) BE1pLRLE2OMUMELRS <Y bV Ey(m), MEEE 0 (m/s] L2, BT AL E Bt Sk E b —Bd B L AR
= ?=%=$§—7{ TEB, TIUCE 5T, AAHERICEE L% 2 HAE
b, TORLED LibEnb Z b h b,

»ELNE, RO, " e ( - ) o © 6) 212, NFEHIANVT-PRETLHLEDE],
Az . ) 1 E20HBED—E % EMCTH -, ENWEHBL

I N TSR RIRG B S, WReSH B2 HEMTALF -2

&9 1ED B %R BRI & AW & L0, BT 2 L A 0#E

LEXETIENVTE S,



S7. NEews
®s
sport 2016/4/21

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.

J—

.M«F“’% B -‘4&‘“’“‘

B e . < Egniw SE
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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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(5) SHENOVA  coucrions -

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?

=30 =

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

b bl QD axyhdsds  p yIFdS

DO #H4if. Jorge Pullin& A, Deirdre Shoemaker& A, ft83A
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A A zazzle.com ¢

Gravitational Waves Tie | Zazzle.com
/O 100% Satisfaction Sell on Zazzle Signin @) =

Create Your Own £  Invitations & Cards  Clothing & Accessories Home & Living  Electronics  Office  Baby &Kids Art  Weddings  Gifts &

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

Qty: 1 v
4.4 (1254) pertie

15% Off with code CREATIVEDEAL

Designed for you
by Shenova by Zazzle

l
A ( |
°
=t

[

Independent artist’s content may not match model depicted; RealView™ technology illustrates fit and usage only.
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GW170817
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BHBH& &
IC KBDEK wwvaWWL GW170104

GW170814
GW150914 \/\/\/\/\/\/\Mw

LVT151012 ¢ 0 sec. 1 sec.

time observable by LIGO-Virgo
GW151226

GW170104

GW170814

GW170817 m— /%IE' @ N S N S
0 5 10 15 20 25 30 35 40 45 50 55 /E\|'f7-|§ ((: J: % Ejj ;\Ri

time observable (seconds)

LIGO/University of Oregon/Ben Farr
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GW170817

LIGO-Hanford

NaN

LIGO-Livingston

Frequency (Hz)
S
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W
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Normalized amplitude

GW150914

-10
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.2lo 25 30 35 40 45 50 /E\|'f7-ls (((_.: J: % E jj ;\EZ
time observable (seconds)

LIGO/University of Oregon/Ben Farr
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GW170817

Gamma rays, 50 to 300 keV GRB 170817A
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STROPHYSICAL JOURNAL LETTERS, 848:L12 (59pp), 2017 October 20 Al
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LIGO, Virgo

y-ray

Fermi, INTEGRAL, Astrosat, IPN, Insight-HXMT, Swift, AGILE, CALET, H.E.S.S., HAWC, Konus-Wind

X-ray

Swift, MAXI/GSC, NuSTAR, Chandra, INTEGRAL

uv *—o—

Swift, HST

Swope, DECam, DLT40, REM-ROS2, HST, Las Cumbres, SkyMapper, VISTA, MASTER, Magellan, Subaru, Pan-STAR f
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IL\J\I L e Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and v

relative to the time 7. of the gravitational-wave event. Two tvpes of information are shown for each band /messenger. First. the shaded dashes represent the t
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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

ELIGO Oosehn Rbfuetc
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'11GO's GRAVITATIONAL-WAVE DETECTIONS |

r B
GW150914,
14.09.2015 [ )
iy GW151226
62 SOLAR 26.12.2015 : X :
MASSES 1.4 Bon : ,
KILOMETRES IN s AV LGW 1 70 1 04J
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DID YOU KNOW ? '
(e SOLAR MASS s = .

A STANDARD UNIT OF MASS

n ASTRONOMY

IT 1S EQUAL TO r o o

HE mass of THE SUN

EQUAL TO APPROXIMATELY

1.99 X 10°«; |

Data credit: LIGO Scientific Collaboration/OzGrav ARC Centre of Excellence
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Al X4 <2 —J)v (Observation 1/2/3a/3b)

P |

2015 2016 2017 2018 2019 2020 2021 2022

Sep12 Jan19 Nov30 Aug25 Apr1—Sep 30 Nov1— Mar27

60-80 Mpc 60-100 Mpc

A a0 T
120 - 130 Mpc 5 I F T

Aug 1-25 Apr1—Sep 30 Novl— Mar27

Virgo —7 03a 1 03b

30 Mpc 50 Mpc

2022%12R
O4F%a

KAGRA R

1 Mpc

ENROT—5Hh5OJ R
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

HEREdEE BAYES1 (BF) [MEEES 2022/2 HBEEBEHH (KRIEKZ) 02


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

HEREdEE BAYES1 (BF) [MEEES 2022/2 HBEEBEHH (KRIEKZ) 03


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

aFAEFHEE RRAYEZ1 (B3 MEuHEs 2022/2 EHEEHFH (KRIEKXRZF)


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/
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Chronological Scientific Tables
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= 50 events in total
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Introduction to Gravitational Wave Physics

GW observatory plans in space
http://gwplotter.com

Gravitational Wave Detectors and Sources
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Introduction to Gravitational Wave Physics

GW observatory plans in space
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Laser Interferometer Space Antenna
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Deci-hertz Interferometer Gravitational wave Observatory
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Interplanetary Network of Optical Lattice Clocks
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https://arxiv.org/abs/1809.10317
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Event Rates at bKAGRA/aLIGO
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