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B (TC A RPPLE IN TVE FABRIC OF CPACE AMD TWME.

TUEGS TUAT HAVE MAZZ TUE MCRE MASS TUE MORE
CAUSE THAT RUBZER SHEET THAT SPACE GETS BGNT AND
TO BEND, LIKE & BCWLING DISTORTED BY GRAVTY.
BALL ON A TRAMPOLINE.
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L Creuse

Theaﬁfét black hole candidate discovered
in 1972, is part of an x-ray binary system,
orbiting its visible companion HDE 226868.
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THHGS TUAT HAVE MALL TUE MCRE MAGS, TUE MORE

CAUSE THAT RUBZER SHEET TUAT £PACE GETS BGMT AND
TO BEND, LIKE A BOWLING DISTORTED BY GRAVITY.

BALL Oh A TRAMPOLINE.
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“gravitational waves explained”
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http://gwcenter.icrr.u-tokyo.ac.jp

g7KR XDFESR (1968/70)

) ap—/ =
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 wave2. 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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EEPHEFEDOFHER (1974)

% The Nobe! Prize in Physics 1993

Russell A. Hulse, Joseoh H, Taylo~Jr

Share this: AR ) 25

The Nobel Prize in Physics

A

Russell A. Hulse Josephn H. Taylor Jr.
Prize share: " /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”

"SEHICOWTOFLWAERZRW:, FHED
NILY—DHFERICHLT"

ENRDFED

——
w
S
@
~—
=
e
=
o
-
-t
o
<
@

o,
—
o
'
.~
L=
w
v
i
—
)
-
=
~
-

Line of zero orbilal decay

General Relativity prediction

|
1980 1985 1990 1995 2000 2005
Year




ENRDOEFEDRZERICIED O SN,

i EHROEESAE LW !
T .
E%i , HEEDPMHFE
T \ .
T BEET DY IIR—I

Inspiral Merge

\_"\:\
Vi f Y
‘l ‘n \ ] -l '
\\":\:‘ \—’

.E\/\/V\/\/\/\/\/\/V\nfm
51 AR

BE DAL AL ZIERHED) w“'”
— = TN h .
- 1 [ I N T T T B 1 L a1 1 [

—29 —20 —15 —10 —5 0 5

RFE [SUFS] SEDRE



7297K—IDEEIZTAL—-T3Y

+

!.

AMIRICAN

ASSOCIATION 1OR THE

ADVANCIMENT OF

SCIENCE
10 NOovimatr 1995 $7.00
VOL. 270 « Pacits 385-1088

(90%

SV IOR—)LOEEREERINE

2 DM

I

=X, NCSAZIL—7)




7§V7$—w®ﬁﬁyszb—9av

- ,
' >
. . b e
. -

)
NCSA-AEI group (1998)



AHOAR

1. A&
Einstein®%& UL f=1004%
BNOEDODRERRBET

% L DTERE

=13
L)

2. BEESAIN-ENDRK
L—5—FHFH5HDUL < H
LIGOYIL—7HFERBUIEBEDDEHREANY b

Vv

3. ENNRERADIFH
FHZER TOENKE A
EREND SAD LB D




hmli

[

S/

¥ DRE S LR

JovImh—)

i

-

'='\EE|'—_-'

==3




LIGO (511 : L—Y—FBHEARXIR)

Laser Interferemeter Gravitational-Wave Observatory (19925 FH#&:%)

https://mediaassets.caltech.edu/gwave
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Puddle Interference The concept of interference shows up in
everyday life in bodies of water, from puddles to oceans.
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A LASER beam is
split up.

https://imgur.com/gallery/OVhrXPV
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LIGO (511 : L—Y—FBHEARXIR)

Laser Interferometer Gravitational-Wave Observatory (19925 F & #%&35%)

https:.//mediaassets.caltech.edu/gwave
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KAGRA (h<5 : XBEREHiKERE)

Kamioka Gravitational wave detector, (Large-scale Cryogenic Gravitational wave Telescope)
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KAGRA (h<5 : XBEREHiKERE)
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“We had detected gravitational waves. We did it. ”
“Bal3, ENRERLELEE. ©OEITREDE.”

https://www.youtube.com/watch?v=aEPIwWEJmZyE
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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.NZPaW?2LT.dpuf

http://ligo.org/detections/GW170104.php
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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)
(Raceived 21 January 2016; published 11 February 2C16)

On September 14, 2015 at 19:50:45 UTC the two detectors of the Laser Intzrferometer Gravitational-Wave
Observatory simultaneously observed a rransient gravitational-wave signal. The signal sweeps upwarcs in
frequency from 35 to 250 Hz with a peek gravitational-wave strain of 1.0 x 107!, It metches the wavetorm
peedicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the
resuliing single black hole. The signal was observed with a maiched-filter signal-to-noise ratio of 24 anc &
false alarm ratc cstimated to be kess than 1 event per 203 000 years, equivalent to a significance greater
than 5.1¢. The source lies at a luminosity distance of 410 1§ Mpe corresponding to a redshift z — 0,095
In the source frame, the initial black hule masses are 367 M- wnd 297/ M und the final black hoke mass is
6274 M o, with 30507 M o 17 radiated in graviational waves. All uncertainties define 9% cradible intervals.
These observations demonstrate the existence of binary stellar-mass black hole sysiems. This is the first direct
detection of gravitational waves and the first observation of a binary black hole merger.

DOL 10.1103/PhysRevlett. | 15051102 Hanford, Wash naton (111) -ivingston, Louisiana [L1])
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FIG 1. The gmviseional-wave event GW 150914 ohserved by the LXGO Hanford (1, left column penels) and Livingsion (L1, right
column panels) detectors. Timres are shown relstve to Seplember 14, 22015 at 0:.50:45 UTC, For visuglization, sll ime serigs are fillersd
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sport 2016/4/21

Cameron McEvoy wears his passion on his swimming
cap

Swimmer and physics student Cameron McEvoy is sporting the sipnature of a pravitational wave on his cap.

—

Camernn McEvay wins a “00m hesl wih the gravitational wave o~ Fis Band Univarsity cub cap. Soume AAP

The discavery has made & big impression on McEvoy, 21, whose heroes tend to be
scientists rather than swimmers.

“I"s the 100Lh anniversary of Einstein's general theory of relativily, which is his
theory of gravily and coincidentally, physicists al Advanced LIGO (observalory)
discovered gravitational waves, which is the stretching and contraction of space-time
itself — everything we move in and prettv much what the universe is,’’ he said.
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Posting for a bit of comic reiief: "It's I'’ke a better version of Ms Frizzle!!"
Thanks to Gabriela Gonzalez for the dress, a rite of passage of sort?
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BACKGROUND IMAGES: TI FREQUENCY TRACE

FACTSHE%T

(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

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

observed by
source type
date

time

likely distance

redshift

signal-to-noise ratio 24

false alarm prob. < 1 in 5 million

false alarm rate <1 in 200,000 yr

Source Masses
60 to 70

32 to 41
25 to 33

58 to 67

total mass
primary BH
secondary BH

remnant BH
0.6to 1

<0.7
<0.9

mass ratio
primary BH spin

secondary BH spin

0.57 t0 0.72

arrived in L1 7 ms
before H1

Southern Hemisphere

remnant BH spin

signal arrival time
delay

likely sky position
face-on/off
~600 sq. deg.

likely orientation
resolved to

duration from 30 Hz
# cycles from 30 Hz

peak GW strain

peak displacement of
interferometers arms

frequency/wavelength
at peak GW strain

peak speed of BHs
peak GW luminosity
radiated GW energy

remnant ringdown freq.

remnant damping time

remnant size, area

consistent with
general relativity?

graviton mass bound

coalescence rate of
binary black holes

online trigger latency

~ 200 ms
~10

1x10%

+0.002 fm

150 Hz, 2000 km

~0.6c
3.6 x10° erg s™
2.5-3.5 Mo

~ 250 Hz

~ 4 ms
180 km, 3.5 x 10% km?

passes all tests
performed

<1.2x102%2eV
2 to 400 Gpc3 yr!

~ 3 min

# offline analysis pipelines 5

CPU hours consumed

papers on Feb 11, 2016

# researchers

~ 50 million (=20,000
PCs run for 100 days)
13

~1000, 80 institutions
in 15 countries

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
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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 h /\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
N\ EE Y time 03:38:53 UTC 2 EEY L1
—— S f I
( -I I\/I S u n ]] 0) E\l E 7'3 /3 ) 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
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J.02 T | D20 0.0 0.4 .62
Time from Wed Jan 04 10:11.3% UTC 2017 s

GW

(.',

sgadcgroundl ages:
binary black hole mo:
reconstructed

cbserved by
source type
date
time
signal-to-noise ratio
false alarm rate

probability of
astrophysical origin

LIGO L1, H1
black hole (BH) binary

04 Jan 2017
10:11:58.6 UTC
13
< 1 in 70,000 years

> 0.99997

distance

radshift

1.6 to 4.3 billion
light-years

0.10 ta 0.25

total mass

primary BH mass
secondary BH mass
mass ratio
remnant BH mass

remnant BH spin

remnant size
(effective radius)

remnant area

46 to 57 M.,

25 to 40 M,
13t0 25 M,
0.36 to 0.94
44 to 54 M.
0.39 to 0.7

123 ta 150 km

1.9 to 2.8 x 10° km?

duration from 30 Hz ~0.25t00.315

# of cycles from 30 Hz ~14t0 16

arrived at H1

signal arrival time delay S s Lsfare 113

credible region sky area 1200 sq. deg.

peak GW strain ~5%x 1072

peak displacement of

< ~-=1am
interferometer arm

frequency at peak
199

GW strain gl

wavelength at peak

GW strain 1510 to 1880 km

1.8 to 3.8 x 10%¢

peak GW luminosity
ergs’

radiated GW energy 1.3to 2.6 M,

effective spin parameter

effective precession
spin parameter

-0.42 to 0.09

unconstrained

remnant ringdown fraqg. 297 to 373 Hz

remnant damping time 2.51t0 3.2 ms

consistent with general
relativity?

passes all tests
performed

graviton mass i)
combined bound £ 7.7 x10% eV/¢

evidence for
dispersion of GWs

Parameter ranges carrespond to 90% cradible intervals.
Acronyms:
L1/H1=LIGO Livingston/Hanford, am=attometer=10"* m, M_=1 solar mass=2 x 10 kg
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A4S

42

s 52
Time [s]

X7 LIGO 25 &,

J—0v/\ VirgoD38 D
[a] BRF &R Al 1S BT

05

Nocmlizec Amobitude

observed by

source type
date
time

online trigger latency
signal arrival time delay
signal-to-noise ratio

false alarm rate

probability of noise
producing V1 SNR peak

H1, L1, V1

black hole (BH) binary

14 Aug 2017
10:30:43 UTC
~30s

at'L1.8 ms before H1
and 14 ms before V1

18

=1 in'27 000 years

0.3%

distance

redshift

1:11/to 2.2 billion
light-years
0.07 to. 0.14

total mass

primary BH mass
secondary BH mass
mass ratio
remnant BH mass
remnant BH spin

remnant size
(effective radius)

remnant area

53 to 59 M,
28 to 36 M,

21 to 28 M,

0.6 to 1.0

51 to 56 M,

0.65 to 0.77

139 to 153 km

2.4 to 2.9 x 105 km?

duration from 30 Hz

# of cycles from 30 Hz

credible region sky area
(with V1)

credible region sky area
(without V1)

latitude, longitude
(at time of arrival)

sky location

*RA, Dec

Peak GW strain (1022)
(H1, L1, V1)

peak stretching of

interferometer arm
(H1, L1, V1)

frequency at peak
GW strain

wavelength at peak
GW strain

peak GW luminosity

radiated GW energy

~0.26 t0 0.28 s

~15to 16

60 deg?

1160 deg?

45°S,73° W

in direction of
Eridanus constellation

03h11m, -44°57™

~6,6,5

~%1.2,1.2,0.8am

155 to 203 Hz

1480 to 1930 km

3.2 to0 4.2 x 10%¢
ergs”’

2.4 t0 3.1 M,

effective spin parameter

effective precession
spin parameter

-0.06 t0 0.18

unconstrained

remnant ringdown freq.
remnant damping time

consistent with general
relativity?
evidence for
dispersion of GWs

312 to 345 Hz
3.1 to 3.6 ms

passes all tests
performed

none

Parameter ranges correspond to 90% credible intervals.
L1/H1=LIGO Livingston/Hanford, V1=Virgo, am=attometer=10"' m, M,=1 solar mass=2 x 103°kg
Background Images (H1, L1, V1 from left to right): time-frequency trace (top), sky maps (middle), and time
series with reconstructed waveforms from modeled and un-modeled searches (bottom)
* Maximum a Posteriori estimates
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GW170817

STROPHYSICAL JOURNAL LETTERS, 848:L12 (59pp), 2017 October 20 Al
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Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and
relative to the time ¢.. of the gravitational-wave event. Two types of information are shown for each band /messeneger. 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 lignt across the

entire clectromagnetic spectrum.

.oint observauons ll‘-'!epf.‘l‘l"i':-:r‘lf Y ’:C""{II m
E'nstein's General Theery of Relativity,

help mezsu-z the ace of the Uriverse
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and provide clucs to the or gins ©

/, \ %eauy elemerts | ke JC d and platinum
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On August 17, 2017, 12:41 UTC, Within two secends, NASA's
LIGC (U3) and Virgo (Europe) detect Ferm Gamma-ray Space Telescopse
gravitational waves from the merger detects a short gamma-ray burst from a
of twe neutron stars, gach aiourd regicn <l the sky overlapping the L CO/MNIrgo
" 5 times the mass of aur Sun Thisis poasitien Optical telescope nbservations
the firsl ggtection.ol spacelime npples pinpoint the origin <l this signal ke NGT 1963
from nautron stars a qalaxy ncated 120 million lignt years distant
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cesium barium lanthanides hafnium tantalum tungsten rhenium osmium iridium platinum gold mercury thallium lead bismuth polonium astatine radon
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actinium thorium protactinium uranium neptunium plutonium americium curium berkelium californium einsteinium fermium mendelevium nobelium lawrencium
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@ NASA

The Gonvection Zone

Energy continues to move toward the surface

through convection currents of heated and
conled gas in the convection zone.

The Corona

The lonized elements within the corona glow in
the x-ray and extreme ultraviolet wavelengths.
NASA instruments can image the Sun's corona at
these higher energies since the photosphere is
. quita im In thase wavelengins.
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Coronal Streamers e R e W i N E AL - The relatively thin kayer of (he Sun called the
= — : .‘.', P :t‘f ) _:'.f“ e 3 chromosphere is sculpted by magnetic field lines
The outward-fiowing plasma of te corna SO e 0T 8 o thatrestrain the electrically charged solar plasma.
is shaped by magnetic field lines into tapered T YRS o ’ - e . Decasionally larger plasma features—called
jorms called coronal streamers, which extend R . prominences—form 2nd extend far into the very
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Laser Interferometer Space Antenna
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Deci-hertz Interferometer Gravitational wave Observatory
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