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) g —/ =
Joseph Weber

Joseph Weber (pictured), a physicist at the University of Maryland in
College Park, believed that gravitational waves were real. In 1969, he
announced that he had found them with a detector of his own invention: an
aluminium cylinder, about 2 metres long and 1 metre in diameter, that ‘rang’
when it was struck by such a wave?. 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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4‘% The Nobel Prize in Physics 1993
2 Russell A. Hulse, Joseph H. Taylor Jr.

Share this: I EIE 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”
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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 noniinear
dynamics of gravity, the structwres 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 supernovae 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 e members of the LIGO Sclence
Seerng Group. A Abramovicl, W. E. Athouse (Creef
Engrwed), R W. P, Deover, 5. Kewarrurs, F.J Rasb
L Severs. R L Spero, K S Thore, R E

(Dwector), S. E. Whitcomb (Deputy Dwecion), and M E
Zucker are with the Callormea insstute of Technology.
Pasaciena, CA 01125 Y. Girsel is &t the Jet Props-
sion Laboratory, Pasadena, CA 91108 D Shoemaker
and R Weiss we o the Massachusems attute of

Technalogy, Cambecge, MA (2129
SCIENCE * VOL. 156 * 17 APRIL 1992

the curvature is strong, however, it should
behave in a radically different, highly noa-
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 disruption (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 mapidly
(for example, because of pulsations, colli-
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| signal = gw + noise
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PRL 116 (2016) 061102

week ending
PRL 116, 061102 (2016) PHYSICAL REVIEW LETTERS 12 FEBRUARY 2016
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» Lawrence M. Krauss
"\

Rumor of a gravitational wave detection at
LIGO detector. Amazing if true. Will post details
If it survives.

na International weekly journal of science

Home | News & Comment | Research | Careers & Jobs | Cument issue | Archive | Audio & Video | For £

Has giant LIGO experiment seen

P gravitational waves”?

An improbable rumour has started that the observatory has already made a

| discovery — but even if true, the signal could be a drill.

o Lawrence M. Krauss
Davide Castelvecchi ("3 ¢

o I

30 September 2015

My earlier rumor about LIGO has been
confirmed by independent sources. Stay tuned!

On 25 September, a sensational rumour appeared on Twitter: Lawrence Krauss, a cosmologist, G raVItatlon al WaveS may have been
reported hearing that the world’s largest gravitational-wave observatory had seen a signal, barely a d | Scovered I EXC|t| n g

week after its official re-opening.
7 RN = . .
L., 000 - Ly ?
- -~ ' —

“ Rights & Permissions
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“We had detected gravitational waves. We did it. ”
“Bald, EAREHELELE. POXITEDIE. ”

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



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

Strain (10?%) Strain (10?)

Strain (10%")

1.0
0.5
0.0
-0.5
-1.0

1.0
0.5
0.0
-0.5
-1.0

1.0
0.5
0.0
-0.5
-1.0

2015F9RH14H

_LIGO Hanford Data Predicted

| LIGO Livingston Data Predicted

| | | |

_LIGO Hanford Data (shifted)

b [
'i'f'k" " \'A\"\\' \ |

—

_LIGO Livingston Data
|

1 | |
0.30 0.35 0.40 0.45

Time (sec)

Operational

Under Construction

Planned

Gravitational Wave Observatories




himli

[T
T,
Y,

\\\

R ZHEHICT D&

512 | | I l

256 .

128 - .

()]
oS
T
1

w
N
T

1

LIGO Hanford

(%))
d
N

Frequency (Hz)

128 | -
64 | -

32+ .
LIGO Livingston

| l | [
0.5 0.6 0.7 0.8 0.9 1.0

Time (sec)

tr 2o EEEKE, BD2[OFEZAP T WK D IC+400Hz

hittps://mediaassets.caltech.edu/gwave



https://mediaassets.caltech.edu/gwave

Strain (10?%) Strain (10?)

Strain (10%")

1.0

0.5
0.0
-0.5
-1.0

1.0+

0.5
0.0
-0.5
-1.0

1.0

0.5

0.0 VI &

-0.5
-1.0+

2015F9RH14H

LIGO Hanford Data Predicted

LIGO lemgston Data
|
0. 30 0. 35 0.40
Time (sec)

Operational
Under Construction
Planned

Gravitational Wave Observatories

KEEDI6EFE29ZEDT T v
JIR—ILDEERUT,
KGDE2(ED T Z v 7R
AW Fel

—J)U




Weeok 10-11

P(\Al - ‘ ? WELL, MEDES W7
EXCITATION [l Sereas e Fec Pl
E -

doanl femte

ITS *PROFAFLY* A ) CITTD 6 AIS IT'S ALREADY
BLND MUECTIOV. / £ <7 e na CODE FREEZE ON TWITTER!

JE
N— = -~ ’ L 175 A AL MY & -‘!\.] .
3 3 S e THAY AsSTRONOMID
«< f ‘,' ) WE MAD A DETECTION! 1! 0
¥ est—- )

n | .

B SIGNAL IS B

WUTSNEE KUBLACHOO © 2016

| BETECTION DISCLAINER wamd UL - .
Carp77EE [l ™S VEVER ppeneD ' o o————
NUTENEE KUBUNCHOO © 2016

TWTTIR A0W] 0w

www.ligo.org/magazine/L IGO-magazine-issue-8.pdf


http://www.ligo.org/magazine/LIGO-magazine-issue-8.pdf

GW150914

h(t)

freg

2x102!

"Iigosigr;al.data‘ '

15x10°" ¢
1x10°2!
5x10%2
0
5x1022 |
-1x10%!
-1.5x102" -
-2x10-21 1 1 1 1 1 1 1 1 1
15 152 154 15.6 15.8 16 162 164 16.6 16.8 17
300 6x10722
5x1022
250
4x1022
200
3x10°22
150
2x10722
100 1x10°%2
50 | | | 0
15 155 16 16.5

" time



10—22 d ‘ "
= 10224

10—22 -
= _10—22 -

1
-0.4 -0.3 -0.2 -0.1 0.0 XK §
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 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.NZPaW?2LT.dpuf

http://ligo.org/detections/GW1/70104.ph
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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 Ill. 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 (*)
denotes a new simulation motivated by GW150914, and a (+4) 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 X1x Xy 1z oz X2y X2z Xer M /Mg fu.(Hz)
2722 SXS:BBH:0310(%) 1221 .- 0.00 73.0 15.1
272.1 D12 gl1.00 a-0.25 0.25 nl100(x) 1.0 0.250 ... =0250 —-0.00 732 20.5
272.1 SXSTBBH:0002[ S] 1.0 0.00 732 10.0
2718 D11 g0.75 aoooomoo* 1.3 72.1

2716 SXS: BBH 0198 1.202 0.00 73.4 12.7
271.6 SXS:BBH:0307(%) 1.228 0.320 -0.580 -0.08 70.0 17.0
271.6 GT:BBH:476 1.0 -0.200 -0.200 -0.20 679 243
2716 S0 D10.04 gl1.3333 a0.45 -0.80 nl00 1.334 0450 --- -0.801 -0.09 719 27.9
271.5 D12.00 _q0. .85 _a0.0 0.0 nloo(*) 1.176 -0.00 73.0 20.6
271.5 D12.25 qo 82 a-0.44 0. .33 ~nl100(x+) 1.22 0.330 -0.440 -0.02 729 20.2
271.5 SXS:BBH:0312(%) 1.203 0390 --- -0.480 -0.00 739 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 o o -(.800 e = 0.800 0.00 73.2 11.7
2713 UD D10.01 gl1.00 a0.4 nl00 1.0 0.400 -0.400 -0.00 73.4 26.7
2712 D12 ~gl.00 a-0. 25 0. 00 ~nl100(*) 1.0 -0.250 -0.12 69.4 21.8
2712 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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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 1072'_ 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 41075 Mpc corresponding to a redshift z = 0.097] 5.
In the source frame, the initial black hole masses are 363 M, and 297 M ., and the final black hole mass is
6214 M, with 3.0*03 M, ¢? 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 GW 150914 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 filiered
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BACKGROUND IMAGES: TI

FACTSHE%T

~-FREQUENCY TRACE (TOP) AND TIME-SERIES

(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
of a black hole binary

observed by
source type
date

time

likely distance

redshift

signal-to-noise ratio

false alarm prob.

false alarm rate

LIGO L1, H1

black hole (BH) binary

14 Sept 2015
09:50:45 UTC

0.75 to 1.9 Gly
230 to 570 Mpc

0.054 to 0.136
24

< 1in 5 million

< 1in 200,000 yr

Source Masses

total mass
primary BH
secondary BH

remnant BH

mass ratio
primary BH spin
secondary BH spin
remnant BH spin

signal arrival time
delay

likely sky position
likely orientation
resolved to

60 to 70
32 to 41
25 to 33

58 to 67
0.6 to 1

<0.7
<0.9

0.57 t0 0.72

arrived in L1 7 ms
before H1

Southern Hemisphere

face-on/off
~600 sq. deg.

~ 200 ms
~10

duration from 30 Hz
# cycles from 30 Hz

peak GW strain 1x 102

peak displacement of

interferometers arms

frequency/wavelength
at peak GW strain

+0.002 fm

150 Hz, 2000 km

~0.6c

3.6 x10° erg s™
2.5-3.5 Mo

peak speed of BHs
peak GW luminosity
radiated GW energy

remnant ringdown freq. ~ 250 Hz

remnant damping time ~4ms

remnant size, area 180 km, 3.5 x 10° km?

passes all tests
performed

<1.2x10%2eV

consistent with
general relativity?

graviton mass bound

coalescence rate of
binary black holes

2 to 400 Gpc3 yr!

online trigger latency ~ 3 min

# offline analysis pipelines 5

~ 50 million (=20,000
PCs run for 100 days)

papers on Feb 11, 2016 13

~1000, 80 institutions
in 15 countries

CPU hours consumed

# researchers

Detector noise introduces errors in measurement. Parameter ranges correspond to 90% credible bounds.
Acronyms: L1=LIGO Livingston, H1=LIGO Hanford; Gly=giga lightyear=9.46 x 10’2 km; Mpc=mega
parsec=3.2 million lightyear, Gpc=103 Mpc, fm=femtometer=10-"> m, Mo=1 solar mass=2 x 103 kg




l|l\

GW151226 GW'15122,'I..FAI&'II'SHE’E'}:\

BACKGROUND IMAGES: TIME- FREQUENCY.I'RACE oI'O ) AN-!) “
B SIGNAL-TO-NOI ATIO TIME SERIES (BOTTOM) IN THE TWO 7
LIGO DET TORS; EXAMPLE WAVEFORM (MIDDLE)

14Msun + 7.5 Msun I — E——

3 b /\1 2 _I M source type black hole (BH) binary # cyc|es from 35 Hz
| I S u n Zats 26E0SSERE signal arrival time arrived in H1 1 ms after
( _I M N\ EE 7,3 Y ) time 03:38:53 UTC 2 EEY L1
S u n ]] C ’: E\l E /3 é E distance 250 to 620 Mpc peak GW strain ~3.4x1022
redshift 0.05t0 0.13 i
Peak displacement of - 0.7 am
interferometers arms
/_ signal-to-noise ratio 13
~z \]/
-I 5 Il_:\ i ; | , false alarm prob. ~ 1 in 10 million frequency/wavelength 420 Hz, 710 km

at peak GW strain
Source Masses Mo

(440 i ] 9 O M p C) A AT peak speed of BHs ~0.6¢

peak GW luminosity 2to4x10* erg s
primary BH 11 to 23

Z_ O O 5 O -I 3 radiated GW energy 0.8-1.1 Mo
— . . secondary BH 5to 10

remnant ringdown freq.  ~ 750 Hz
remnant BH 19 to 27

mass ratio > 0.28 remnant damping time ~1.3ms

spin of one of the remnant size, area 60 km, 3.5 x 104 km?

> 0.2
black holes

e e
remnant BH spin 0.7 to 0.8 online trigger latency 67 s

resolved to ~850 sq. deg. # offline analysis pipelines 2

Parameter ranges correspond to 90% credible bounds. Acronyms: L1/H1=LIGO
Livingston/Hanford; Mpc=mega parsec=3.2 million lightyear, am=attometer=10"8 m,
Mo=1 solar mass=2 x 103%kg




GW170104 18014:F'ACTSA -

Background Images: time-freqUenc aoe(top), H1 and L1 time series and maie ikelihood
binary black hole model (muddle top 2 residua n dat it ddle bottom),

e e ‘

reconstructed wavafonnsfrotnwavolet : B]adt’hao analyses (bottom)

Normalized Amplitude observed by LIGO L1, H1

duration from 30 Hz ~0.25t00.31s
1 2 3

| | l i source type black hole (BH) binary # of cycles from 30 Hz ~14to 16

date 04 Jan 2017

signal arrival time dela
Hanford time 10:11:58.6 UTC 9 ' 1

arrived at H1
3 ms before L1

‘ signal-to-noise ratio 13 credible region sky area 1200 sq. deg.

false alarm rate < 1in 70,000 years

peak GW strain ~5x10%
probability of

astrophysical origin > 0.99997

peak displacement of

interf t ~x1am
1.6 to 4.3 billion interferometer arm

Frequency [Hz]

distance -
light-years frequency at peak

g 160 to 199 Hz
redshift 0.10 to 0.25 GW strain

total mass 46 to 57 M, wavelength at peak

GW strain 1510 to 1880 km

primary BH mass 25 to 40 M,

1.8 to 3.8 x 10%¢

secondary BH mass 13to 25 M, peak GW luminosity erg &

mass ratio 0.36 to 0.94 radiated GW energy 1.3tc 2.6 M,

Strain [10~21]
Alll“_J Aaaalesaasl

Hanford - Livingston N remnant BH mass 44t0 54 M, remnant ringdown freq. 297 to 373 Hz

W\’\/\;\f\j\/\ﬂ\/\-/\m,,\‘\/’\’\/wf‘f\/ S S e it bl remnant damping time 2.5t0 3.2 ms

remnant size
(effective radius) 123 to 150 km consistent with general passes all tests

relativity? performed

| FETTY P

Residual

X )2 0.8 )1 ().5() (). )8 0.()() 0.()2

Time from Wed Jan 04 10:11:58 UTC 2017 [s] remnant area 1.9 to 2.8 x 105 km? :
graviton mass

combined bound

7.7 x10%2 eV/&
effective spin parameter  -0.42 to 0.09

effective precession gL U . evid.ence for
spin parameter dispersion of GWs

Parameter ranges correspond to 90% credible intervals.
Acronyms:
L1/H1=LIGO Livingston/Hanford, am=attometer=10"" m, M,=1 solar mass=2 x 10¥ kg
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X-Ray Studies
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LIGO

LVT151012

GW151226

GW170104



http://ligo.org/detections/GW170104.php

| GW170104

0 sec. 1 sec. 2 sec.

time observable by LIGO

Comparison of gravitational-wave signal templates from recent LIGO observations. This figure shows reconstructions of the three confident and one candidate (LVT151012) gravitational wave signals
detected by LIGO to date, including the most recent detection GW170104. Each row shows the signal arriving at the Hanford detector as a function of time. The thickness of the curves indicates the 90%
confidence interval on the model parameters. Only the portion of each signal that LIGO was sensitive to is shown here (the final seconds leading up to the black hole merger). [Credit: LIGO/B. Farr (U.

Chicago)] - See more at: http://ligo.org/detections/GW170104.php#sthash.QTJlckcl.dpuf



http://ligo.org/detections/GW170104.php#sthash.QTJIckcl.dpuf
http://ligo.org/detections/GW170104.php

'LIGO'S GRAVITATIONAL-WAVE DETECTIONS |

| 4 N
GW150914,
DISCOVERED: | 4 N
‘14-09;313 GW151226,
Gl BReensins 26.12.2015 A
62 asses 1.4 Biuon [ )
iy ks e GW170104,
DIAMETER 2 SOLAR DISCOVERED:
\ MASSES 04.01.2017
120 oiamerer BILLION
N Away *

> |

49 NRsss

270 piamerer
N\ 4

Y

< < )

BILLION 3 BILLION BILLION
LIGHT YEARS LIGHT YEARS LIGHT YEARS

IGHT YEARS

DID YOU KNOW ? |
(e SOLAR MASS s e .

A STANDARD UNIT OF MASS

n ASTRONOMY

IT 15 EQUAL TO " * o

He mass of THE SUN

EQUAL TO APPROXIMATELY

1.99 x 10°¢;

Data credit: LIGO Scientific Collaboration/OzGrav ARC Centre of Excellence




GW170104

LVT151012
GW151226

GW150914

Forecasting LIGO Detections in the Three-Detector Era. This map illustrates
how the addition of the Virgo detector, scheduled to come online this summer,
could improve the localization of sources of gravitational waves. The map shows
the estimated locations of the four black-hole merger events detected by LIGO to
date (including one event seen at lower significance), after including hypothetical
Virgo data. Outer contours represent the 90 percent confidence region; innermost
contours signify the 10 percent confidence region. [Image credit: LIGO/Caltech/
MIT/Leo Singer (Milky Way image: Axel Mellinger)] - See more at: http://ligo.org/
detections/GW170104.php#sthash.NZPaW2LT.dpuf

Sky Map of LIGO's Black-Hole Mergers. This three-
dimensional projection of the Milky Way galaxy onto a
transparent globe shows the probable locations of the
three confirmed LIGO black-hole merger events—
GW150914 (blue), GW151226 (orange), and the most
recent detection GW170104 (magenta)—and a fourth
possible detection, at lower significance (LVT151012,
green). The outer contour for each represents the 90
percent confidence region; the innermost contour
signifies the 10 percent confidence region. [Image credit:
LIGO/Caltech/MIT/Leo Singer (Milky Way image: Axel

Mellinger)] - See more at: http://ligo.org/detections/
GW170104.php#sthash.pwWdVLL4.dpuf

GW170104 +virco

LVT151012 svirco
B 5\ 151226 wirco

GW150914 swirco

http://ligo.org/detections/GW1/70104.ph


http://ligo.org/detections/GW170104.php#sthash.pwWdVLL4.dpuf
http://ligo.org/detections/GW170104.php#sthash.NZPaW2LT.dpuf
http://ligo.org/detections/GW170104.php

1. Gravitational Wave >> Expected Events

Observed BH-BH binary mergers

— —aLIGO + KAGRA

-o— GW150914
GW151226
—— GW170104

LIGO/KAGRA

| | ‘ | | | | | | | | ‘ | | | | | | | | ‘ | | | | | | | | ‘
1 10 100 1000 104

frequency [Hz|




GW150914

LVT151012

GW151226

GW170104

PRL116,

M1+M2=Mf,

Mdiff /Mtotal
a_final
36.2+29.1=62.3+3.0

SNR

deg”2

061102 4.59% 4100(';2)'0‘3 24 600

(2016/2/11) 0.68 '
23+13=35+1.5
(2016/2/11) 2.78%
D66

PRL116. 14.2+7.5=20.8+0.9

241103 4.15% 420(';/;"‘3 13 850
(2016/6/15) 0.74 '

PRL118, | 31.2+19.4=48.7+10

221101 3.75% 88001'\/'8'00 13 | 1300
(2017/6/1) 0.64 '

https://losc.ligo.org/events/GW150914/
https://losc.ligo.org/events/LVT151012/
https://losc.ligo.org/events/GW 151226/
https://losc.ligo.org/events/GW170104/
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LIGO (510 : L—Y—FBHEARXIA)

Laser Interferemeter Gravitational-Wave Observatory  (19925F FH#&E?)

https://mediaassets.caltech.edu/gwave
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;LIGO Hanford

LIGO Livingston N
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Gravitational Wave Observatories ‘ Tibis

EEE


https://mediaassets.caltech.edu/gwave

KAGRA (h<5 : XBEREHiKEERE)

Kamioka Gravitational wave detector, (Large-scale Cryogenic Gravitational wave Telescope)
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Home Computers Discover Gamma-ray Pulsars

Einstein@Home volunteers find four cosmic lighthouses in data from
NASA's Fermi Gamma-ray Space Telescope

November 26, 2013

The combination of globally distributed computing power and innovative
analysis methods proves to be a recipe for success in the search for new
pulsars. Scientists from the Max Planck Institutes for Gravitational
Physics and Radio Astronomy together with international colleagues
have now discovered four gamma-ray pulsars in data from the Fermi
space telescope. The breakthrough came using the distributed computing
project Einstein@Home, which connects more than 200,000 computers
from 40,000 participants around the world to a global supercomputer.
The discoveries include volunteers from Australia, Canada, France,
Germany, Japan, and the USA.

What is SETI@home?

SETi@home is a scientific experiment, based at UC Berkeley, that uses
Internet-connected computers In the Search for Extraterrestrial Intelligence
{SETI). You can participate by running a free program that downloads and
analyzes radio telescope data

hitp://setiathome.berkeley.edu
. : Einstein@Home Discoveries in Fermi LAT Data

einstein
@ home

PSR J522-5735

-

Einstein@Home &R TIH? R S L P AR

NEWS 82 =374 ALY

o

Einstein@Home is a program that uses your
computer's idle time to search for gravitational wave
from spinning isolated compact objects (among
which are pulsars) using data from the LIGO
gravitational wave detector. Learn more

-

https://www.aei.mpg.de/972495/einsteinathome_gammapsrs2013

https://einsteinathome.org/ja/home



https://einsteinathome.org/ja/home
http://setiathome.berkeley.edu
https://www.aei.mpg.de/972495/einsteinathome_gammapsrs2013

ENRRIXEFETHADDDLS?
ST BREDE
- KR
75y 7 R—IOEET ZHVENS
- — AR R O RS

PEFEEESHEDIISDFL
—g  [FFRZOIRREFER
ARy NMEE - §ist
—g- EERETIV - WARLT Ty I1R—I)
FHR/INOA—5
HRENRDOFE

= EFERETIV - FEHUHEETIL



ENRRXFETHELDONS ?
EATERWIE? =P fOH, RE5RT. . &h

IL—2D—VRE
IALII D1

~ﬂ§$ﬁl'—ﬂi U Z)LL""

TL—2T— K (BEE) EFLCEhE, BeniE 4 R0 | (B )
BIIERTOFEEIRDELEOLEHDTH 5, ENLIHFERTOH i T
ElEbl) ., OAOCHEBICEACAH SN TWS, BOLICWSH i
DiE., BLSOMFREHZ2EADE VW, WEROREICED 75 TIEHIR
DAHEELZZENTELEVWELEIIC, Fad 4 RTEEICEHALAD
SNTWVWBNDTH 5,

T R=WEB L RFFTLICE>TRRSNAEEFTIOLS IS, 488

— (NHE [+ 32 &7 B Z L ER e RS L S IR —=IVE EDIRWNE
EEEEESSS= REXETDHO YT/

EZDDH ﬁm\f )5 Eﬁl;%iﬂ?ﬂi’&iﬁélt'(\ﬁi%ﬁé%&’)éﬁi(ﬁbé
. ﬁgﬁ; STWBIBE. EHDIEH 3B —EHTE,

Ejﬂi%ﬂ/km: R TE 3 . n
4 7 ‘ - EHRESEBEAL . LR A B EE COFRIEEN T
9 b yJ PilE M=/ T Bl ) R RA TR RS DWHAEASNS??
P EENNENRKE L TED
(Dﬂ$ AU & ETED > TR

*BEI%*-}‘E;}UE §ﬁﬁﬂ§ -5 | EDENEHDZ & HAEE KERTEEBELL:

U\« B A 3RS Sy

G597 K—ILD W EAWHFEICEIEL.
REDEBTRILN G, B Ay ORISR

=iy , L BEEEICINDD
%o WERTHECAPR
N FEHREFIVORIESD 1 ‘ ABIET

FIHmRT & 5 RIHEM D IRHE &
¥iB- 2 ENRESICS S T
FEIEAShBLHLALL
A

941\? /Jkﬂi!@‘éﬁﬁ@%!?ﬂ%&ﬁﬁb PLAFIANOT
BEFEZ PPN E R SLARRL Z T . PR PO BRE TSR~ THIRF!

FUX




Solar Masses

70

60

50

40

30

20

10

Black Holes of Known Mass

X-Ray Studies

GW150914

why not more?

LIGO

LVT151012

GW151226

GW170104



http://ligo.org/detections/GW170104.php

M)I1|ER;8] (our Galax

WAY

Dmmm

..

. MILKY

@ 1= St S wrn o
- e e e e aderd

o gy of Larh, the My Wy & s sposd dhagod
rroers o o e e bed e won Poghe rgaem
o vt e rd dary hghlgh 81 awa vhie e
s et = el Gae cmber s 00 e Pl
iy wwban. Buw ke sy and b 8 ok wwvn of
wargy anl wod vy s by om0 g € apeshenag
O s e nd gl vten Al s e s b o Nha b bl o

e -t —— g P
et —t et o gt ————

o e v Dot v g g B g S
P AR s e e My Wiy ot O pulath costen enh
Mo s @ LaTh ) ek v b aand B . Pt
B e s agpering Lght fom § s ot sne g of e gy
. \ T st D ey W em b P gyt i

|
it
LH
iEE;P{
T
i
,.“fc'bg{{,
:‘,:-g}f{ H
Mf[:ﬁht”

- =
. 4 i s [
ey S Sl S @ e Sy
s B o & A Sge) e
s o o Sl g #
i g S ey ]
.—--mw'ghom
— -

B
ettt

B i b i, s N . i ) & . Vi . Sl L

Homs toeae v @ me . P e P oy P hwe Pt e W
s — v o - e . ——a B - - - Wy T — - S -
e P Lot g a4 o - - B i LT e e e LR
-t B - —— - WA - —— e . — e aawy . Sy - -
e o — - pr—— P bt - w—p— V. W M S — - — e Wy ey S e b

A b - — e vty P e by e 1 g Dwnge S e o B S e b ol on o ! M

e oe e e ey e e o g L e et v - e s e - .y w—
— oy - ———— -~ . - — vt r S T o P e " tte et ovee oo [T R DA S
ot e e e e — r~ re aen MWL pown 5 4~ ames Fe e oy . et P v ey - S e —————
— P . e L e O it o wwttan w—- - e 8 et v ea e b tete ¥ po ree were —n o - —

DTV

s § FL S Gt o, S, 3 [ Sw—t" At 3508


http://shop.nationalgeographic.com/ngs/product/maps/wall-maps/space-maps/the-milky-way-map%2C-laminated

Gas cools
very slowly
forming a
stable disc

Globally
unstable gas
infalls rapidly
toward the

galaxy center
and a

supermassive
star forms

Locally
unstable

gas flows
toward the
galaxy center

First stars:
maybe one
star per
galaxy, up

to several
hundred times
larger than
the sun

The stellar
core collapses
Into a small
black hole,
embedded in
what is left
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Fig. 1. Illustration showing three pathways to MBH formation that can occur in a distant galaxy (56). The starting Fig. 3. Possible VOUt?S t‘? MQH and gala.xy _coevolution, st.arting
point is a primeval galaxy, composed of a dark matter halo and a central condensation of gas. Most of this gas will from black holes forming in distant galaxies in the early universe.
eventually form stars and contribute to making galaxies as we know them. However, part of this gas has also goneinto  [Image credits: NASA, European Space Agency (ESA), A. Aloisi

making a MBH, probably following one of these routes. (Space Telescope Science Institute and ESA, Baltimore, MD), and
The Hubble Heritage Team (Space Telescope Science Institute/
Association of Universities for Research in Astronomy)]

REVIEW

The Formation and Evolution
of Massive Black Holes

M. Volonteri?

Volonteri, Science 337 (2012) 544

The past 10 years have witnessed a change of perspective in the way astrophysicists think about massive black
holes (MBHs), which are now considered to have a major role in the evolution of galaxies. This appreciation
was driven by the realization that black holes of millions of solar masses and above reside in the center of
most galaxies, including the Milky Way. MBHs also powered active galactic nuclei known to exist just a few
hundred million years after the Big Bang. Here, | summarize the current ideas on the evolution of MBHs through
cosmic history, from their formation about 13 billion years ago to their growth within their host galaxies.

58
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Figure 6. Cumulative distribution function of the number of BH mergers

Naerger (Mpy) as a function of the redshift z. Nperper 1S expressed with binned

Figure 5. Number density of BHs per galaxy as a function of BH mass for
one, of which we binned 20 for one order in Mgy.

different total mass of galaxies My = 10°M, -+, 10°M.
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Gravitational Waves from Merging Intermediate-mass Black Holes.
II. Event Rates at Ground-based Detectors
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Signal-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). (17)

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

by 1/2
=3 [ /0°° h(f) R*(f) df] | 18

Sn(f)

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

i = [ T ATt d (19)

— 00

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

o
o
—
=
©
-
R
v

—_—
n o

LIGO Hanford Data Predicted |,

( )
N )}
10 &O@ “.
< o
"c_) 05 [
X [
200 ¢
L
S A
R 05| \
R [ HEOIRIASLERHHSD
-10 f mE &k
11111111111111111111111111111111111
25 -0 -15 -10 -5 0 5
\_ BRI U] AHOBL )
\ )
s 10-16 ]
\E Kagra
~
—
(D]
S or | TOBA
=
2,
§ aVIRGO
% 10 A /
: X"LZ/MGO
R= ET
fav}
—
o
100
frequency|Hz
. quency[Hz| )

60



REETHROMA (1) BHEESEHDLSIRATDHLSMBHDERS T YA ZRDHD

* BHEEZEGH I HED IREINT, SMBHMWERE NS EZEZ S

* 1 DDIFANICWS DBHEEGHENH DN ZHZ S

* FHICWS DIRAND DN ZEZ S

* LIGOPKAGRADIKERHERRAET, 1FEICWKDEATEZ2DONFET S

(al) SNR=10, KAGRA oy (32) SNR=10,KAGRA
1012 i
50}
o' > eak at 60M
~— p
& 1010 . 10}
0
o L 5
2 109 ch
< = range 40M-150M
108 = 1
q;>) 0.5
107 =
1(; 50 100 500 1000 ‘ 5000 104 10 50 100 500 1000 5000 104
BH mass (final BH) [M¢)] BH mass (final BH) [Mg]
Tue ASTROPHYSICAL JOURNAL, 835:276 (8pp), 2017 February | doi:10.3847 /1538-4357 /835/2/276
© 2017. The Amezican Astroneenical Society. All rights reserved

CrossMark

Gravitational Waves from Merging Intermediate-mass Black Holes.
II. Event Rates at Ground-based Detectors

Hisa-aki Shinkai', Nobuyuki Kanda®, and Toshikazu Ebisuzaki’
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Gravitational waves in Brans-Dicke theory: Analysis by test particles around a Kerr black hole

FIG. 4 (color online).  Distribution of GW signal power. In cach pancl, we plot a hybrid waveform (a Tpa waveform stisched 10 the
Goddard waveform) in both ks origisal form (blue, lighter curve) and its whitened form (red, darker curve) [40). We show waveforms
from six bimary systoms with total massos 108, 200, 300, 40M . 60M,, and 100M . The vertical limos divide the waveforms into
segments, where each segmem contnidutes 10% of the 1otal signal power.
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