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Observation-Tech Gap 100 years ago

._.
=
=

* 1916, 1918 Einstein predicted GW and derived
the quadrupole radiation formula
* White dwarf discovered in 1910 with its density

Linear PSD of strain f (1/vHz)
=
LN

0=

soon estimated; GWs from white dwarf binaries

in our Galaxy form a stochastic GW background 33 T 2
(confusion limit for space GW detection: strain, 10”(-20) in 0.1-1mHz band).
[Periods: 5.4 minutes (HM Cancri) to hours](3 mHz)

* One hundred year ago, the sensitivity of astrometric observation through the
atmosphere around this band is about 1 arcsec. This means the strain
sensitivity to GW detection is about 10>; 15 orders away from the required
sensitivity.

* Observation-Tech Gap 100 years ago
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Gap largely bridged 1440 ort
83.60 kg mass
* First artificial satellite Sputnik launched in 1957.
* First GW space mission proposed in public
in 1981 by Faller & Bender
* LISA proposed as a joint ESA-NASA mission;
LISA Pathfinder success- T
fully performed.
* The drag-free tech
is fully demonstrated

paving the road for e
GW space missions. V\W““‘Ww‘
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A Compilation of GW Mission
Proposals LISA Pathfinder
Launched on December 3, 2015

Mission Concept 5/C Configuration Arm length E?E;h;:i 5::
Solar-Orbit GW Mission Proposals
LISA® Earth-like solar orbits with 20° lag 3 Gm 1 year 3
el ISA® Earth-like solar orbits with 10° lag 1 Gm 1 year 3
ASTROD-GW*™ Near Sun-Earth L3, 14, L5 pomnts 260 Gm 1 year 3
Big Bang Observer” Earth-like solar orbits 0.05 Gm 1 year 12
DECIGO™ Earth-like solar orbits 0.001 Gm 1 year 12
ALIA™ Earth-like solar orbits 0.5 Gm 1 year 3
ATLTA-descope KAk Earth-like solar orbits 3 Gm 1 year 3
1) Near Sun-Jupiter L3, L4, L5 pomts (3 4 o1
SpaASTROD™ | g et 50y | B0Gm | diyer |
Earth-Orbit GIV Mission Propozals
OMEGA® 0.6 Gm height orbit 1 Gm 53.2 days 6
gl ISA/GEOGRAWT™®™ Geostationary orbit 0.073 Gm 24 hours 3
GADFLI® Geostationary orbit 0.073 Gm 24 hours 3
TIANQIN® K& 0.057 Gm height orbit 0.11 Gm 44 hours 3
ASTROD-EM®-" Near Earth-Moon L3, L4, L5 points 0.66 Gm 27.3 days 3
LAGRANGE™ A brief fistorNeg EaetheMioon 13, 14, L3 points 0.66 Gm 273 days6 [ 3




aszhall legend Yogi Berra and physics legend

Niels Bohr both cbzerved, “# s fough fo malke

predichions, especally about the fubure™
Trwe enough, but conjecturing aboud what is fo come i= an
exercse thet can be hard to resich. In April of this year,
PrySes Tooxy published an artcde by Frank Wicek
entiled “ Physics in 100years™ inwhich he ruminated on
what phy ==tz might accomplizh in the coming cenfury. By
hiz own admession, Wilczek was “oraziy seledve”™ in what
he choze o disouss, sothe eddonial shaff sviled our readers
fojpin im the prognoshicahion game We announced a confest
challenging you fo submit a news shery reporting on an
excting discovery or fechnical advance fhal eccurred in
2116, In the ensuing pages you will find Robert Aushn's
winning enfry about a felescope builf from polished
asheroads That essay &= followed by fhree ofher submizgions
that parhicularly mpressed us

In the nearly 200 enbries we received, several themes
recurred. Those indude new understandings of funde-
mental physics, wonders achieved with black holes or
gravitahonal waves, and fantashic sccomplishmenks aded
by advanced artificel infelligences; indeed, incredibly
sophshicated conputers play a sharnng role n three of the
four following essays. Those themes mey sound famdiar if
you read Wicek's piece. Why so few enfries tadded the
fuhure of ondensad-malter physics is a possibly signdficant
mysiery.

WiczeK's arfade concheded that * brilliant prospects be
shead,” and his upbeat tone was echoed invirtually all of
fhe submezions we receved. Our imaginative confestants
saw the fronhers of knowledge as continuously advane
ing and & few even explicily descrbed how soenfific
advances improved the qualiy of life for all humaniend.
May it be so.
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FIGURE 1. THE ASTEROID BELT
ASTRONOMICAL TELESCOPE
(ABAT) focuses light from laser-
paolished asteroids onto dual imaging
Imaging / arrays above and below the solar
ARy system; other intense laser pulses
_— Devil'gFootprint maneuver the arrays to different
; locations, thus allowing ABAT to

P e .., point at multiple celestial targets.
Super-ASTROD T hiiy§ oo
L = < ; into a pair of Dewil's i
/ : -' ; shields the focal regions from solar
Y Main asteroid / Ly
1996, 2009 o —

illumination. (Courtesy of Laura Kim)

M
e % Earth

3 \J.'f = , 5 .
!!"p ~ ®Venus
';' _ “Mercary @

s

A

~ o
"k L

R TR Jupiter

’
SN g Trojan
Sy a
asteroids

I 3
Devil's Footprint «\r_, ,_

"N T Imaging armay




5| J7E g 5525 The Gravitation-Wave (GW) Spectrum Classification

Infra- ELF ULF VLF MF F VHF UHF
Hubble| (Hubble) AdLIGO
& Quasar PTAs# CSDT DEQGO| AdVirgo Cavity/waveguide >
CMB Astrometry | FAST ASTROD-GW BBO| KAGRA Laser interferometer
SKA eLISA/LISA MIGA ET Gauss beam
*
[ 1 1 1 T T T 11 | T |1 | I 1 1 T T 1T 11 |

* AIGO, AURIGA, EXPLORER, GEO, NAUTILUS, MiniGRAIL, Schenberg.
+ OMEGA, gLISA/GEOGRAWI, GADFLI, TIANQIN, ASTROD-EM, LAGRANGE, ALIA,

ALIA-descope.
E(EPTF/AOI NAN OG rav, P PTA’ | PTA A brief history of GW Research



The observation and technology gap
100 years ago in the 10 Hz — 1 kHz bana

* In the LIGO discovery of 2 GW events and 1 probable GW candidate, the
maximum peak strain intensity is 10 2!; the frequency range is 30-450 Hz.

» Strain gauge in this frequency region could reach 10> with a fast recorder
about 100 years ago;

* thus, the technology gap would be 16 orders of magnitudes.

« Michelson interferometer for Michelson-Morley experiment!® has a strain
(AlN) sensitivity of 5 x 1019 with 0.01 fringe detectability and 11 m path
length;

* however, the appropriate test mass suspension system with fast (30-450 Hz
In the high-frequency GW band) white-light observing system is lacking.

2016/12/30 A brief history of GW Researc h 10



Weber Bar (50 Years ago)
10 orders of gap abridged

* OBSERVATION OF THE THERMAL FLUCTUATIONNS OF A
GRAVITATIONAL-WAVE DETECTOR* J. Weber

PRL 1966 (Received 3 October 1966)

Strains as small as a few parts in 101® are observable for a
compressional mode of a large cylinder.

* GRAVITATIONAL RADIATION* J. Weber
PRL 1967 (Received 8 February 1967)

* The results of two years of operation of a 1660-cps
gravitational-wave detector are reviewed. The possibility
that some gravitational signals may have been observed
cannot completely be ruled out. New gravimeter-noise
data enable us to place low limits on gravitational
radiation in the vicinity of the earth's normal modes near
one cycle per hour, implying an energy-density limit over
a given detection mode smaller than that needed to

provide a closed universe.
2016/12/30 A brief history of GW Research 11
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Sinsky’s
Calibration

in Weber’s
Lab

ALUMINUM CYLINDER of 1400-kg mass
is suspended by a wire on acoustic filters.
Piezoelectric transducers are honded to the
top surface, as shown in the closeup.

DETECTOR and dynamic gravitational field generator are
shown removed from their common vacuum chamber.

2016/12/30 A brief history of GW Research 12



The start of precision laser interferometry for GW detection
(left) Interferometer system noise measurement at 5 kHz of Moss, Miller and
Forward (1971); (right) Schematic of Malibu Laser Interferometer GW
Antenna of Forward (1978)
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The fundamental noise sources of Weiss 1972

km-sized interferometer proposed

a. Amplitude noise in the laser output power;
b. Laser phase noise or frequency instability;
c. Mechanical thermal noise in the antenna;
d. Radiation-pressure noise from laser light;
e. Seismic noise;

f. Thermal-gradient noise,

g. Cosmic-ray noise,

h. Gravitational-gradient noise;

I. Electric field and magnetic field noise.
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Flourish of Prototype Optlcal Interferometers for GW Detection

* Hughes Research Lab (HRL) 0.75 m TAMA 300 m
 MIT prototype interferometer 1.5 m GEO 600 m
* Glasgow prototype interferometer 10 m

e Garching prototype interferometer 30 m

* Tokyo prototype interferometer 3 m

* Paris prototype interferometer 7 m

* |SAS prototype interferometer 10 m

* NAOJ prototype interferometer 20 m

* ISAS prototype interferometer 100 m

2016/12/30 A brief history of GW Researc h



Laser interferometers with independently suspended mirrors. In third column, in the
parenthesis either the number N of paths is given or Fabry-Perot Finesse F is given.

Interferometer Arm Effective optical Year Construction
length [m] path length [km] Started
Hughes Research Lab [HRL) [37,137,142] 2 QUDOBS [N = 4) 1366
MIT prototype | 202} 1.5 0075 (N = 50) 1971
Garching 3 m prototype 3 002 (N = 4) 1975
Glasgow 1 m prototype [210] | 0036 (N = 36; In static test 1976
reached N = 280)
Glasgow 10 m prototype | 210] 10 255 (F-P- F = 4000) 19E0
Caltech 40 m prototype 40 75 19E0
Garching 30 m prototype 30 27 (N = 90] 1983
I5A5 Tenko 10 m prototype [ 112] 10 | (N=100] 1986
U Tokyo prototype | 14,111} 3 042 (F-P- F = 2200} |87
I5A5 Tenko 100 m prototype | 114,139 141] 100 10 [N = 100] 19491
NAQ] 20 m prototype [16] 20 45 (F-P- F = 350) 19491
Q&A 3.5 m prototype |55 3.5 &7 (F-P: F = 300:00] 1993
TAMA 300 m |184] 300 96 (F-P- F = 500) 195
GED 600 m [91,209] 00 1.2 (N = 2] 1995
LG Hanford (2 km) [1,124] 2000 143 (F-P: F = 112} 1994
LIGO Hanford (4 km) [124,130] 4000 1150 [(F-P; F = 450] 1994
LIGD Livingston (4 km) [ 124,130} 4000 1150 (F-P: F = 450) 1995
VIRGO [5,191] 3000 850 (F-F F = 4407 1936
AICD prototype |205,206] B0 Tolyob (F-P: east arm F= 15000; 1997
south arm F = 1300)

LISM [1&E] 20 320 (F-PF- F = 25000) 1595
CLIO 100 m cryogenic [7] 10:0 190 (F-P; F = 3000) 2000
Q&A 7 m [134) T 450 (F-F- F = 100000} 2008
LCGT/KAGRA [21.109] 3000 2850 (F-P- F = 1500] 2010
Q&A 9 m [208] 9 570 (F-P; F = 100000 2016
LIGC Imdlia [102] 4000 1150 (F-P: F = 450) 2016
ET [99] 10000 3200 (F-P; F~ 500) Proposal under study




Ground-based GW detectors
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LLR — measurement

= telescope, diameter 0.7 m—-3.9m
= pulsed laser, pulse length 0.07 ns - 0.2 ns
= footprint at the Moon ~20 km? (reflector % - 72 m?)
= 107° photons/pulse sent, ~1 - 50 photons received
= filtering
- spatial
- spectral
- temporal
= LLR data
1- 15 min = 1 normal point
17,700 normal points in 43 years
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Interferometry for GW detection: e.g. KAGRA
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aLIGO achieved sensitivity
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H¥E Announcement of first detection

Hanford, Washington (H1) Livingston, Louisiana (L1)
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Advanced LIGOZE — D HIEFHE -

2015.9.12—2016.1.19 (51.5-K-2 detectors/130-K)
O1: 48.6°K; PyCBC 46.1°K; GstLAL 48.3°k

Event GW150914 GWI151226 LVTI51012
Slgna]—m;;]mse ratio 237 13.0 97
False alarm rate g 7
FAR /yr—! <6.0x107" <6.0x10 0.37
p-value 75%x107% 75x1078 0.045
Significance =330 =330 1.70
Primary mass 36.2133 14.2183 23118
i”ﬁt‘ﬂ.ll"l'_"ll)IKII,,',.:[E: ' ’

Secondary mass 437 1273 +4
mOUICe /M 29.175 7.5755 1375
Chirp mass 18 103 +14

‘ﬁsnmc)fma 28.17 1.5 8'9—0_3 I5.17 1.1
Total mass 65.31_31:31 21.31?:% 3?1]13

Msource /g

Effective inspiral spin

Xeff
Final mass

M /M

Final spin ay
Radiated energy

Erad;""[MC-lfz}
Peak luminosity

Cpeak /(ergs ")
Luminosity distance
Dy /Mpc

Source redshift z

Sky localization
AQ /deg’
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20164F.6 H15H 541 - %E Announcement of second detection

-

*GW151226 detected by the LIGO on December 26,
2015 at 03:38:53 UTC.

Hanford Livingst
*identified within 70 s by an online matched-filter search sl e o [ R e i
targeting binary coalescences. No 0'3 i 0L ] | |
. . . o fe — ’ (il 1! it | .‘ :‘ ' |
GW1§1226 with S/N ratio of 13 and significance > 5. = 00 sV O l|!|r 1 o | WM'WN’M" W\”'!'TL
*The signal ~ 1 s, about 55 cycles from 35 to 450 Hz, &-0.3} q
reached 3.4 (+0.7,-0.9) x 107(-22). source-frame initial »-06f . . . TR . . | . | TH

BH masses: 14.2 (+8.3,-3.7)M, and 7.5 (+2.3,-2.3)M,

=
o
|

©
Q
the final BH mass is 20.8 (+6.1,-1.7)M S 2 g i
*1 BH has spin greater than 0.2. luminosity distance 440 £§ 4
(+180,-190) Mpc redshift of 0.09 (+0.03,-0.04). 2¢ e (2)
eimproved constraints on stellar populations and on 10
deviations from general relativity. & 2
=
_ 0.4 I ' I ' I ' I ' I ' I ' I ' I ' I ' L m 4
= 2
s AL ] 0
P AVAVAVAVAAVAATAYAVAVAVAVAVATAVAVAVASAVAVAVAVATA"AFFAVALTY uﬁ'u"'u'ﬁ..I'u'“'u'”'u'l'u'“"l |'II|'|||“|'II||| llwr ] 5 16
S o—o2p — ] T 14
0.4 L - - 3
. N/ \/V\ /\/\/\N\,\W 2 128 10
—0.94 —0.90 —0.86 ! / (v
Reconstructed (template) 048 o o0 | | (:3' 64 6
—  Numerical relativity —0.01 0.00 0.01 Lq:J 32 g
— BOOF T T T T T T T T T T T T T T T T T T T T 0
~ 400 | |—— GW Frequency dos o
I %88: X Peak GW amplitude y_o:ga‘,; -1.0 -08 -06 -04 -0.2 00 -10 -0.8 -0.6 -04 -0.2 0.0
e . 025 Time (s) Time (s)
—-1.0 —-0.9 —0.8 —=0.7 —0.6 —-0.5 —0.4 0.3 —0.2 —-0.1 0.0 . .
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Characteristics of two GW events and one GW
candidate deduced from LIGO O1 GW observations

Event GW150914 GW151226 LVII i ID];
(candidate)
Signal-to-noise ratio p 23.7 13.0 9.7
Significance >530 >530 1.76G
Primary mass m* "/ Mg 36.27733 14.2+83_3 5 237184
Secondary mass m*™%/Mg 20.173 744 7.5723 93 137
Effective inspiral spin yes —0.067%1% 4 14 0.217029 ¢ 49 0.07%3 g5
Final mass MEevreeg Mg 62.37 73, 20.8%61_ 7 357144
Final spin as 0.687%_g.06 0.747%9%_g06 0.6670%_g 10
Radiated energy Ewmd/(Moc?) 3.07%° g4 1.07%1 95 1.5793 04
Peak luminosity fpeat/(erg s71) 3.6 g4 x 10°° 3.3708 6 x 10°° 31798 15 x 10°°
Luminosity distance Dr/Mpc 42071°0_1g9 4407180_1g9 10007%_spg

Source redshift z

0.097003_4 04

0.097003_4 54

0.27009_; g
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The Q & A Experiment
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RN

= .4t Suspension System

2= X-Pendulum and double pendulum

(Optical axis)

The Q & A Experiment
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USST 9 m Q & A Interferometer

 Started construction this year



Scope: Goals —GW Astronomy & Fundamental Physics

Frequency band

GW sources / Possible GW sources

Detection method

Ultrahigh frequency band:
above 1 THz

Discrete sources, Cosmological sources,
Braneworld Kaluza-Klein (KK) mode
radiation, Plasma instabilities

Terahertz resonators, optical resonators, and
magnetic conversion detectors

Very high frequency band:
100 kHz — 1 THz

Discrete sources, Cosmological sources,
Braneworld Kaluza-Klein (KK) mode
radiation, Plasma instabilities

Microwave resonator/wave guide detectors,
laser interferometers and Gaussian beam
detectors

High frequency band (audio
band)*: 10 Hz — 100 kHz

Conpact binaries [NS (Neutron Star)-NS,
NS-BH (Black Hole), BH-BH], Supernovae

Low-temperature resonators and Earth-
based laser-interferometric detectors

Middle frequency band:
0.1Hz-10Hz

Intermediate mass black hole binaries,
massive star (population 111 star) collapses

Space laser-interferometric detectors of arm
length 1,000 km — 60,000 km

Low frequency band (milli-Hz
band): 100 nHz — 0.1 Hz

Massive black hole binaries, Extreme mass
ratio inspirals (EMRIs), Compact binaries

Space laser-interferometric detectors of arm
length longer than 60,000 km

Very low frequency band
(nano-Hz band): 300 pHz -
100 nHz

Supermassive black hole binary (SMBHB)
coalescences, Stochastic GW background
from SMBHB coalescences

Pulsar timing arrays (PTAS)

Ultralow frequency band: 10

fHz — 300 pHz

Inflationary/primordial GW  background,
Stochastic GW background

Astrometry of quasar proper motions

Extremely low (Hubble)
frequency band: 1 aHz—-10 fHz

Inflationary/primordial GW background

Cosmic microwave

experiments

background

Beyond Hubble-frequency
band: below 1 aHz

Inflationary/primordiak GWrbdckgroemd

Through the verifications of primordial
cosmological models




Scope: Researchers and Budget

* (1) Experimentalists (Experimental Astronomers,
Engineers, Physicists), working on detectors and data
processing;

* (11) Multi-Messenger Astronomers, working on
astrophysics;

* (111) Theoretical Physicists/Cosmologists, working on
fundamental physics and theoretical cosmology.

» Budget: grow up to 20 % - 30 % of Astronomy Budget

2016/12/30 A brief history of GW Research
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Innovation and
Innovative Manufacturing

e production of large and homogeneous optical components

 optical diagnosis of large components

* high reflectance dielectric coating on large mirrors

* manufacturing of components for ultrahigh vacuum of large volume
* manufacturing of high attenuating vibration isolation system

e production of high-power high-stability single-frequency lasers

e production of high-resolution length measurement and positioning
systems

* Drag-free technology
* Weak light phase locking and manipulation technology

2016/12/30 A brief history of GW Research
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Production of large and
nhomogeneous optical components

* Example:

*For KAGRA, production of large sapphire mirrors
with 220 mm/250 mm with the required homogeneity
and absorption for cryogenic use at 20 K is still an
ISSue.

* Although large boule of 100 kg could be produced, the
guality 1s still an i1ssue which needs more testing and
Innovation.

2016/12/30 A brief history of GW Research



Optical diagnosis of large optical components

Il 247meEFST || Requirements for Testing LIGO Optics

» GENERAL: » ABSOLUTE ACCURACY:
— 1.06 um wavelength — A/100 PV for focus and
— Fizeau phase shifting type astigmatism coefficient

— 150 mm diameter
— Two fixed magnifications at two

fixed focus locations

— A/1000 RMS for residual
surface after removal focus
and astigmatism terms

. MEASUREMENT RANGE: — ROC measurement accuracy:

_Sample ROC: 5.5kmto 145km <37
— Sample reflectivity: 4%, 50% — Retrace error: 6 nm PV for 4

and above 90% fringes of sample filt
— Spatial scale: 1 mm to 10 cm

2016/12/30 | 37




Optical diagnosis of large optical components

P2: 1.06um Phase Shifting Interferometer P1: First World-Wide 24” Phase Shifting

Il 247"EFST ||  for testing LIGO optics I 247"EFST ||  |nterferometer, Installed in Chengdu, China

2016/12/30 S 38
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Low loss coating development at NTHU Prof. Chao Lab

At NTHU, we are focusing on silicon-based amorphous coatings development
for the reasons:

(1) Silicon is likely to be the mirror substrate for next generation detector at
1550nm.

http://www.examiner.com/article/transition-to
450mm-silicon-wafers-impact-on-analog-chips

PECVD system
g - -

(2) 18” silicon wafer process technology is now matured in IC fabrication
industry. (* 18” is larger than the mirror size of next generation detector)

(3) Taiwan has a strong and complete infrastructure and many vendors for
silicon IC process.

We are studying amorphous silicon, silicon-nitride and silica thin films
that can be deposited on silicon by chemical vapor deposition (CVD)
methods.

. , 39
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Cryogenic ring—own setup

RT ring-down setup




2016/120

Type-A: for cryogenic mirrors
Type-B: for room temperature mirrors
Type-Bp: simpler Type-B

Type-C: for small optics
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e 5 H I E Beam Pipe and Enclosure

= Minimal Enclosure (no services)
= Beam Pipe
= 1.2m diam; 3 mm stainless
= 65 ft spiral weld sections
= 50 km of weld (NO LEAKS!)

1 3l-4ll

Figure 2.1-1 -- Cross Section of Design Baseline at
Hanford

oot
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LIGO E 7245 S ki Baking out the LIGO Beam Pipe

2km

46Tm

|* k 476m 4“47 515m +—— 507m 41
‘ 3486 mil T 353 mil 38.2 mi: 37.5 mi:

1760 A de 60Vde 1750Ade
f typ Rl typ
PS1
106 mi2

10.9 ma2 10.0mE2 e DC return cables <~ ) 11,4 mi

insulation

~ 2000 amps for one month

H20 PARTIAL PRESSURE DURING BAKEOUT

¥ EroEm - n
THE UNIVERSITY gB 3 B LIGO 42
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Production of high-power high-stability
single-frequency lasers

*Production of high-power high-stability single
frequency lasers up to 200 W Dbecomes
commercial.

* As the heating Issues become lessened, higher
power will be needed.

2016/12/30 A brief history of GW Research



Production of high resolution length
measurement and positioning systems

* In the drag-free control of spacecraft, we need precision metrology
sensor to sense the position of the spacecraft relative to the proof
mass. For this purpose, there are two choices — capacitance sensor and
laser metrology sensor.>>

* For a laser metrology sensor system, larger gap Is possible. Hence, less
local gravitational disturbances are incurred and better accuracy In
controlling the deviation from the geodesics can be achieved.

 Sub-picometer accuracy achieved. Adaption to various situation needs
development.



2016/1
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Drag-free technology

*Basically achieved.

*Needs industrialization.



Weak-light phase locking
and manipulation technology

» Weak-light phase locking is crucial for long-distance space
Interferometry and for CW laser space communication. For LISA of
arm length of 5 Gm (million km) the weak-light phase locking
requirement is for 70 pW laser light to phase-lock with an onboard
laser oscillator. For ASTROD-GW arm length of 260 Gm (1.73 AU)
the weak-light phase locking requirement is for 100 fW laser light to
lock with an onboard laser oscillator. Weak-light phase locking for 2
pW laser light to 200 uW local oscillator is demonstrated in our
laboratory in Tsing Hua U.® Dick et al.” from their phase-locking
experiment showed a PLL (Phase Locked Loop) phase-slip rate below
one cycle slip per second at powers as low as 40 femtowatts (f\W).



Looking into the future from announcement of first detectlon
February 11, 2016 B e

‘ LIGO-S6 ‘
| alIGO-O1-H1
‘o alIGO-O1-L1
= Adv. LIGO design
Future upgrade
KAGRA ‘

|
]
¥

* Present aLIGO sensitivity: ~ two 5-c
event per 130 days.
* Goal second generation sensitivity:

100 5-c events per year
* Improved 2"? gen.: x2, 800-1000 events/yr

* First generation sensitivity: Logso( Frequency [Hz] )
several 3-c events per year = one should look at the past data and

try to search for them with better efforts and methods
* Third generation sensitivity = 100,000 or more 5-c events per year
Plenty compared to some other branches of physics and astronomy

== AdVirgo
e ET

Logyo( Strain [1/VHz])
|
[\*]

|
)
=
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Outlook

*GW astronomy has been an important drive to
technology.

*Now It Is growing.

It will even be so. Let’s discern what will come
In next 50-100 years.



2016/12/30
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Looking into the future from announcement of first detectlon
February 11, 2016 B e w

‘ LIGO-S6 ‘
| alIGO-O1-H1
o aliGO-01-L1  1—22
= Adv. LIGO design
Future upgrade
KAGRA ‘

|
]
¥

* Present aLIGO sensitivity: ~ two 5-c
event per 130 days.
* Goal second generation sensitivity:

100 5-c events per year
* Improved 2"? gen.: x2, 800-1000 events/yr

* First generation sensitivity: Logso( Frequency [Hz] )
several 3-c events per year = one should look at the past data and

try to search for them with better efforts and methods
* Third generation sensitivity = 100,000 or more 5-c events per year
Plenty compared to some other branches of physics and astronomy

Logyo( Strain [1/VHz])
|
[\*]

|
)
=
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Outlook

*GW astronomy has been an important drive to
technology.

*Now It Is growing.

It will even be so. Let’s discern what will come
In next 50-100 years.
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The Q & A Experiment

Detection Optical Bench
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The g;

247" EFST

P1: First World-Wide 24” Phase Shifting
Interferometer, Installed in Chengdu, China

2016/12/30
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» GENERAL:

- 1.06 mm wavelength

- Fizeau phase shifting type

- 150 mm diameter

- Two fixed magnifications at two
fixed focus locations

» ABSOLUTE ACCURACY:
-1/100 PV for focus and
astigmatism coefficient
-1/2000 RMS for residual
surface after removal focus
A-C2 4R7othunEdFtSaTble

» MEASUREMENT RANGE:

- Sample ROC: 5.5 km to 14.5 km
- Sample reflectivity: 4%, 50%
and above 90%

- Spatial scale: 1 mm to 10 cm
and astigmatism terms

- ROC measurement accuracy:
<3%

- Retrace error: 6 nm PV for 4
fringes of sample tilt
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The Q & A Experiment

ZEfE Sk Vacuum Chamber and Magnet
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The Q & A Experiment

A0 B -10 %2 4 Fabry-Perot Interferometer

Length: 3.5 m (Extendable to 7 m)

Cavity Mirror Diameter. 50 mm

Radius of Curvature of Cavity Mirror: 5 m and plano
Laser: 1064 nm, frequency tunable, ~700mW

Free Spectral Range: ~43 MHz

Finesse: 30000
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= T 2240 Suspension System

BINEEE KA Transfer function of a S|mple

pendulum

GND

=)y

=) Seismic Noise y

The Q & A Experiment

40

ZOJ\ The lower the resonant frequency,
5 the higher its i1solation ratio in our

detection band

o

N
o
]

1/f 2 roll down

~ Isolation Ratio (dB)
S
]

(o)}
o
]

50 X = y X (iSOIatiOn)

100 r r rr r rrrF r r P r r r F ¢ F
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The Q & A Experiment

=1 &40 Suspension System
»XEE X-Pendulum

» Designed and developed by
TAMA gravitation wave
detection group, ICRR, Japan

« Resonant frequency

— theoretically, can be infinitely
low

— ~0.3 Hz in our experiment
 Difficulties:
— large resonant motion

— ambiguous process of
frequency tuning

Upper-X-wires

Upper

X-wire
ntermedia
wires
]

[
Table

Double

pendulum
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The Q & A Experiment

X#EE X-Pendulum
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The Q & A Experiment

XEE X-Pendulum
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i [K-f Conversion factors among:
BHIENAD the characteristic strain h (f),

N 25 DR ple 22 FEdEliE the strain psd (power spec. d.) [Sy(f)]Y?
the normalized spectral energy density Q,(f)
he(f) = 2 [S, (D]~

« A5 JIREREEFE normalized GW spectral energy density Q (f): GW spectral
energy density in terms of the energy density per logarithmic frequency mterval divided by
the cosmic closure density p. for a cosmic GW sources or background, i.e.,

Quulf) = (flpo) do(fy/df
Q) = (2r2/3HGR) £ S,(f) = (2n2/3H,2) 2 h ()

Charactenistic strain Strain p';:d Normalized spectral
hdf) [Sﬁll'ﬂ] energy density Qaw(y)
he(f) h(f) ol R0 [BHA 270 (]2
Strain psd [Sx(7]1- L0 [Sa(f)]2 [(3H 21 0w()]12
2016%@{}?1 '[E T[l".SHﬂl:lfﬁlzﬂﬁgfwory of G VRelgng] _:II-HIJ :]ﬁ 5|'|:.i":',l ﬂgp.m 67




N TR R 2R FEHRIE Strain power spectral density (psd) amplitude

vs. iR frequency for various GW detectors and GW sources

..........................

.............................

Lng( Strain [1/VHz ])

- - Galactic Centre - - - - -
- . Shadow Brane

2016/12/30
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Characteristic strain h_ vs. frequency for various GW detectors and sources. [QA: Quasar
Astrometry; QAG: Quasar Astrometry Goal; LVC: LIGO-Virgo Constraints; CSDT: Cassini
Spacecraft Doppler Tracking; SMBH-GWB: Supermassive Black Hole-GW Background.]
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VS. ﬁz requency for GW detector sensitivities and GW sources
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5| J7E g 5525 The Gravitation-Wave (GW) Spectrum Classification
Infra- ELF ULF VLF MF F VHF UHF
Hubble| (Hubble) AdLIGO

< Quasar PTAs# CSDT DEQGO] AdVirgo Cavity/waveguide >

CMB Astrometry | FAST ASTROD-GW BBO| KAGRA | Laserinterferometer
SKA eLISA/LISA MIGA ET Gauss beam
-|- *k
[ 1 [ || [ I | 1 I I | 1 I I 1 1 I
1018 1024 107 101 10!

* AIGO, AURIGA, EXPLORER, GEO, NAUTILUS, MiniGRAIL, Schenberg.

+ OMEGA, gLISA/GEOGRAWI, GADFLI, TIANQIN, ASTROD-EM, LAGRANGE, ALIA,

ALIA-descope.
FEPTA, NANOGrav, PPTA, IPTA.
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0 0 0 0 0 1
S [e“”]u—(f} 0 0) [e'iﬁi]u—(n 0 n)
: N “e 0 0 1 1 0 0
N cgl 7 /j\“ \?7% ... Lot
PR Lot 2 BTN 5 P
0 1 0 GR\O 0 ©
GR/0O 1 0 1 0 0
==| i oo [eﬂi‘];j=(1 0 [}) [eﬂﬁ?]”=(n 1 n).
* E Monochromatic . Loo 010
A single frequency plane GW . e GW propagation direction: z
 Wave form in time t, “elp Oo=KTe Re = 816y [T - (12)(enT)]

Au,ﬁﬁ=4mf,.¢, .
1 - |E:i| - —_ ||li-:I v .Iil_-
Spectral form in frequency f = ~16nGx[ T — (1/2)(11D] + O()

with gauge condition

= (4G [ {[T— (1/2) 20TV} reteriea (@x7) + O(H?)

* Noise power amplitude 4:2=0.
_ _ _ In harmonic gauge
<n2(t)> — jooo(df) Sn(f)’ hn(f) — [f Sn(f)]l/Z The retarded solution of equation (12} 1s
Au= | (/7 )eetariea (). plane GW h ,(n,x + njy + n,z—ct) = h (U)

e Characteristic amplitude

el U) = [6™ 2|9h0(f)| cos (2mfUlc) (df) h,(u,t) = h,(U)=]_=Oh,(f) exp (2rifulc) (df) = [~ 2f |Oh,,(f)| cos (2nfUc) d(In f)

= I6™ 2 1®ha(f)| cos QufUle) dinf). oo s - f = (cl2n) | Ohalhe by, k) exp (e + by iz —27if) (dhdbdk)
C(f) %Otgl; p (f)|2 + |(f)h (f)|2)]1/2’ hCA(f) 2 f |(fA)‘I’b]/i>e(DJtory of GW Research 72
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The first detection has “No constraints on non-GR
polarization states” (LSC and VC)

* Because of the similar orientations of the Hanford and Livingston

LIGO instruments, our data cannot exclude the presence of non-GR
polarization states in GW150914.

* As an illustration, LSC and VC use the BayesWave GW-transient
analysis algorithm [51] to reconstruct
the GW150914 signal, assuming the simplest
nonphysical case in which the signal model
consists of purely a scalar mode.
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The achieved and planned Sensitivities

"t

aLlIGO achieved a 3.5-fold improvement and

E started observation run on September 18, 2015
;

1 LS
. \\‘;‘? ¢ with areach for binary neutron merger to 70 Mpc.
l‘ \' ".
' Virgo GEQ \V‘}‘ ; ¢ TAMA
1 i
: \i However, before
\ e . THEY the first
" 1aliGo W, 4y Tesd. i gl :
oo Y Wl o observation run,
CaaNG R I g I the first
Bt M 1 e s

GW detection on

September 14,
2015

NS-NS, 100Mpc
1.4M,

ET

4

2 3
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first direct detection of gravitational waves (GW) and first direct observation

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
date 14 Sept 2015 peak GW strain 1 x 102
time 09:50:45 UTC peak displacement of +0.002 fm
likelydistarica 0.75 to 1.9 Gly interferometers arms
230 to 570 Mpc frequency/wavelength 150 Hz. 2000 km
redshift 0.054 to 0.136 at peak GW strain
peak speed of BHs ~0.6¢c
signal-to-noise ratio 24 peak GW luminosity 3.6 x 105 erg s
false alarm prob. < 1in 5 million radiated GW energy 2.5-3.5 Mo
false alarm rate < 1 in 200,000 yr remnant ringdown freq.  ~ 250 Hz
Source Masses Mo remnant damping time ~4ms
total mass 60 10 70 remnant size, area 180 km, 3.5 x 10° km?
primary BH 32 to 41 consistent with passes all tests
secondary BH 25 to 33 general relativity? performed
2016/ remnant BH 58 to 67 graviton mass bound <1.2x10%2eV
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mass ratio
primary BH spin
secondary BH spin

remnant BH spin

signal arrival time
delay

likely sky position

likely orientation
resolved to

06to1

coalescence rate of

I
<07 binary black holes 19O
< 0.9
online trigger latency ~ 3 min
0.57t00.72 # offline analysis pipelines 5
arrived in L1 7 ms -
before H1 CPU hours consumed POV HTTE 20 S5

Southern Hemisphere

face-on/off
~600 sq. deg.

PCs run for 100 days)

papers on Feb 11, 2016 13

~1000, 80 institutions
in 15 countries

# researchers

Operational

Under Construction

Planned




Looking into the future from announcement of first detectlon
February 11, 2016 B e

‘ LIGO-S6 ‘
| alIGO-O1-H1
‘o alIGO-O1-L1
= Adv. LIGO design
Future upgrade
KAGRA ‘

|
]
¥

* Present aLIGO sensitivity: ~one 5-c
event per 3 months.
* Goal second generation sensitivity:

100 5-c events per year
* Improved 2"? gen.: x2, 800-1000 events/yr

* First generation sensitivity: Logso( Frequency [Hz] )
several 3-c events per year = one should look at the past data and

try to search for them with better efforts and methods
* Third generation sensitivity = 100,000 or more 5-c events per year
Plenty compared to some other branches of physics and astronomy

== AdVirgo
e ET

Logyo( Strain [1/VHz])
|
[\*]

|
)
=
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2016

KAGRA prOi eCt Previously known as LCGT

* Laser interferometric gravitational-wave detector with 3-km arms
* Now under construction in the Kamioka mine, Gifu, Japan
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By K. Kokeyama Kamioka
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In collaboration

* Host: ICRR, Univ. of Tokyo

* Co-Hosts: KEK and NAO]

* Over 200 collaborators from more than 60 universities and institutes in Japan
and abroad.

2l OKEK
42 W
K|§T | e LR Iy
e e A * NIMS

SOYOF Tl
u anmmr)

o tg ' Universiti
) ) / " «%n's:tt\::g:
Oy witiiinaoson il T MONTANA h HIROSHIMA UNIVERSITY |0 24 #f & X %
Caltech +more...
LVC meeting, Hilton Pasadena, Pasadena, CA, USA (March 14-18, 2016) 3

2016

KAGRA
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- Kamioka site
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2016

Main Features

LVC meeting, Hilton Pasadena, Pasadena, CA, USA (March 14-18, 2016)

86



HETmz Y arm

VI room Gate valve

ITM for iIKAGRA Slope tunkel

Mode Cleaner

ITM for IKAGRA
= |TM for bKAGRA

New Atotsu

\ brief history of G\ L



KAGRA =~

KamlOka GW Detector ITM for IKAGRA

Center exp. room C

VI room Qate valva

ITM for IKAGRA
= |TM for bKAGRA

\‘,

New Atotsu




KAGRA Office
1i¢/FE Mozumi
Branch

KAGRA Site at
fHI[X] Kamioka

§ National Astro :
bservatory o? 3':,',?,:'

—

AR TEUIT Y
B3
X

e
W s

2016/12/30 A brief history of GW Research




2016/12/30 A brief history of GW Research 90



» Observed loss of Energy matChEE General Relativity prediction” \ 1
\

prediction of GW emission to ;, 25 Also a
(0.13£0.21)% 0.99/10. 002(2015)) - PSR B1534+12 !

-1 -

\

" Indirect evidence of grawtatlunalu = PSR J0737-3039A/B e
,— (The double pulsar) \ 1
waves g5 [ \ ]
- Now about e
* Frequency 70 pHz, amplitude 7x10- n: 200 bmqry pylsars discovered
23— outside detector sensitivity > 975 ‘LH'.{ 1985 1990 1995 2000 2008

b Ecr

5 M 2 3 N B SH K B R B S B
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Second Generation GW Mission Concepts

* DECIGO _____%——-_\
..-"'"-- o / >

. _ - 120 1
BBO o :% _______ @?ﬁ} 120° .’
. Super ASTROD ( Sun S

N _ -
S/C 2 (near L4) z&‘

~§/C1 (near L5) A brief history of GW Researc h ”



Strain power spectral density (psd) amplitude vs. frequency for various
GW detectors and GW sources. [CSDT: Cassini Spacecraft Doppler
Tracking; SMBH-GWB: Supermassive Black Hole-GW Background.]

-6 -4 -2 0
-6 ' . .' < f . ; -6
-24-hr Global Campaign ... ..~ ... .. .. TERORSKIE IS H—
~8 |.arXiv:1509.05446 ..ng.._.‘...’: ......... T M. N
........ R e e s
e N\, - . == ASTROD-GW ' T
- | S ot T e " DECIGO®BO) |
T EE— SR Tt BBOcor
- - . === LISA-corr : 14
= 2 ... SRR TS 1-
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— = i« < 106 1076 BH- BH@lOGp'c ---------------- g
L —16F - Do - SN0, Last3years ----------------------------------- 41-=16
© R > \\s#+ 1075-10/5 BH-BH@10Gg
__________ SR B T-o- 1000 BU-BH @
0 —~18 o ", he S -3VYears e s S I
B e . ’_”!aa-f .. =
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)

K7 15 2V 2248 Massive Black Hole Systems:

AL

KJF & B F 44 Massive BH Mergers &

- Extreme Mass Ratio Mergers (EMRISs)

i P i o
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A& Very low frequency band (300 pHz — 100 nHz)
h(f) = A, [f/(L yr )

Table 4. Upper linuts on the 1sotropic stochastic background from 3 pulsar tinung arrays.

No. of No.of | Observation Constramt on characteristic strain
pulsars Vears radio band he(f) [= Aw [Ty D], (F=
imnchided | observed [MHz] 107°-107" Hz)]
EPTAlE o] 18 120-3000 Ag <3 x 1075
PPTALS 4 11 3100 Auw<1x 1070
NANOGrav!™® 27 0 327-2100 Aw=15=1071

Table 5. Sensifivities of IPTA. FAST and SEA to monochromatic GWs.

No.of | No. of vears Timing Sensitivity in characteristic
pulsars of ACCUTACY strain A7) [= By (f/ vrh)] for
observation (ns) monochromatic GWs
IPTA!M 36 20 100 Br=1x 10716
FASTY 50 50 50 By=135=107Y
SEATNE 100 100 20 Byp=15=10718
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VS. ﬁz requency for GW detector sensitivities and GW sources
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5| J7E g 5525 The Gravitation-Wave (GW) Spectrum Classification

Infra- ELF ULF VLF MF F VHF UHF
Hubble| (Hubble) AdLIGO
& Quasar PTAs# CSDT DEQGO| AdVirgo Cavity/waveguide >
CMB Astrometry | FAST ASTROD-GW BBO| KAGRA Laser interferometer
SKA eLISA/LISA MIGA ET Gauss beam
*
[ 1 1 1 T T T 11 | T |1 | I 1 1 T T 1T 11 |

* AIGO, AURIGA, EXPLORER, GEO, NAUTILUS, MiniGRAIL, Schenberg.
+ OMEGA, gLISA/GEOGRAWI, GADFLI, TIANQIN, ASTROD-EM, LAGRANGE, ALIA,

ALIA-descope.
E(EPTF/AOI NAN OG rav, P PTA’ | PTA A brief history of GW Research
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Dimansionkess amplitude { for units see caption)

Very high frequency band (100 kHz — 1 THz)
and ultrahigh frequency band (above 1 THz)

Galactic Centre
Shadow Brane

T

Visible Brana e

Galactic Centra I

-
- IE — \_/'r IEI
fff
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i
T - Plasma instability

™ Stellar BH

~ Plasma instability
AGN SMEH

e
-

modals
See caption below

Various Cosmological source
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* AM Cruise

The potential for very high-
frequency gravitational wave
detection

oW o EM _
Conversion volume Outgoing EMW
Incoming \
GW —A [Data

‘ . b L YA output
[’E}j LR = .=
|| IIL”I”D ||L|J|||.|j Ll |

_ /‘ ’/,f" EMW Detector
Magnets generating

transverse magnetic field

Flgure 2. A generic diagram of a magnetic conversion detector.
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N TR R 2R FEHRIE Strain power spectral density (psd) amplitude

vs. iR frequency for various GW detectors and GW sources
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.............................

Lng( Strain [1/VHz ])
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- . Shadow Brane
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History of the Universe
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P AN 21 ) B Ak 2 41 1S A%
Four processes could produce CMB
i B-mode polarization observed

= (i) gravitational lensing from E-mode
polarization (Zaldarriaga & Seljak 1997),
= (ii) local quadrupole anisotropies in the CMB within the
last scattering region by large scale GWs (Polnarev 1985)
= (iii) cosmic polarization rotation (CPR)

N TN

due to pseudoscalar-photon interaction e [ eeo |
(Ni 1973; for a review, see Ni 2010). / | AN N_ /S
(The CPR has also been called
Cosmological Birefringence) | — N
= (iv) Dust alignment N\ B<o ‘\ /| b0/
N
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XIS AR A E 5 1 i 2
The constraints for Hubble frequency band

* CMB S-W fluct.: The COBE microwave-background quadrupole anisotropy
measurement gives a limit Qgw (1 aHz) ~ 10-9 on the extremely-low-frequency
GW background.

« WMAP improves on the COBE constraints; the constraint on Qgw for the higher
frequency end of this band is better than 107(-14).

* The analysis of Planck, SPT, and ACT temperature data together with WMAP
polarization; the scalar index is n, = 0.959 = 0.007, the tensor-to-scalar
perturbation ratio r is less than 0.11

* The combined analysis of BICEP2/Keck Array and Planck Collaboration: the
tensor-to-scalar perturbation ratio r is constrained to less than 0.12 (95% CL; no
running). The pivot scale of this constraint is 0.05 Mpc-1, corresponding to GW
frequency f at 3.8 x 107 (-17) Hz at present.

* Most recent: r < 0.07 (2 o) (Chao-Lin Kuo, Dec. 9 talk at NCTS; his talk in
LeCosPA Symposium12/17/15)
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BB power spectrum from SPTpol, ACTpol, BICEP2/Keck, and POLARBEAR. The solid
gray line shows the expected lensed BB spectrum from the
Planck+lensing+WP+highL best-fit model. The dotted line shows the nominal 150
GHz BB power spectrum of Galactic dust emission derived from an analysis of
polarized dust emission in the BICEP2/Keck field using Planck data. The dash-dotted
line shows the sum of the lensed BB power and dust BB power.
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1 000.  POLARBEAR & BICEP2 & ACTPol & SPTpol
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OT session (first 2 talks)

r~ - 0.05+0.1
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= Fluctuation
amplitude
bound: 17 mrad
(1 degree)
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The indirect GW limits are from CMB temperature and polarization power spectra, lensing, BAOs, and
BBN. Models predicting a power-law spectrum that intersect with an observational constraint are ruled
out at > 95% confidence. We show five predictions for the GW background, each with r=0:11, and
with nt = 0:68 (orange curve), nt = 0:54 (blue), nt = 0:36 (red), nt = 0:34 (magenta), and the consistency
relation, nt = r/8 (green), corresponding to minimal inflation. Paul D. Lasky et al.1511.05994

temperature (GeV)
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£ &Y Qutlook

» Advanced LIGO has detected GWs from stellar-mass binary black hole mergers. We will see a
global network of second generation km-size interferometers for GW detection soon. Scaling with
the achieved detection, third generation detectors would be to detect more than 100,000 5-c GW
events per year.

« Advanced LIGO has achieved 3.5 times better sensitivities with a reach to neutron star binary
merging event at 70 Mpc and began its first observing run (O1) on September 18, 2015 searching
for GWs.

« Another avenue for real-time direct detection is from the PTAs. The PTA bound on stochastic
GW background already excludes most theoretical models; this may mean we could detect very
low frequency GWs anytime too with a longer time scale.

« Although the prospect of a launch of space GW is only expected in about 20 years, the detection
In the low frequency band may have the largest signal to noise ratios. This will enable the detailed
study of black hole co-evolution with galaxies and with the dark energy issue. LISA Pathfinder has
been launched on December 3, 2015. This will pave the technology road for GW space missions.
 Foreground separation and correlation detection method need to be investigated to achieve the
sensitivities 10°-10"" or beyond in Q, to study the primordial GW background for exploring

very early universe and possibly guantum gravity regimes.
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KRN 3 255 [ 75T
Three Kinds of GW Researchers in future

« KT E Eljperlmentallsts (Experimental
Astronomers/Physicists)

working on detectors and data processing

« B RN R Multi-Messenger Astronomers: Working on
astrophysics

- Bt EB F R/F HFE Theoretical Physicists/Cosmologists:
Working on fundamental physics and theoretical cosmology

« £ %% Budget: grow up to 20 % - 30 % of Astronomy Budget
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WAIZ 05 | 1R ERMIEFSE What you could do if
vou would like to join this field

o SIS Experiments: —fHiRE =221 KAGRA One way is to join KAGRA
I Reason: (i) KAGRA as a 2.1 -2.5 generation GW detector
has a future
(ii)) KAGRA needs manpower and it is easier to
start and to join
(iii) (Logistics provided) Just get trained in CMS and go
(10 round trip plane tickets will be provided)

« ZRER R F 3R Multi-Messenger Astronomy: Working on astrophysics

- BiLY)IB/FH = Theoretical Physics/Cosmology
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? Activity of reinstalling
X-pendulum and building a
suspended prototype Fabry-Perot
cavity for student training before
going to KAGRA

Sheau-shi Pan and Sheng-Jui Chen

Center for Measurement Standards, Industrial
Technology Research Institute R.O.C.

Dr. Sheau-shi Pan E-mail: Sheau.shi.Pan@itri.org.tw
Dr. Sheng-Jui Chen E-mail: SJ.Chen@itri.org.tw
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Re-Install X-pendulum
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Related Activities

()To reconstruct the X-pendulum (the X-pendulum is
already installed), to do the wiring and alignment for
control the position of the double-pendulum-suspended
mirror, to take it apart and to re-install it.

(i) To prepare a 30 cm-1 m Fabry-Perot interferometer with
finesse about 1000 with a suspended mirror and a fixed
mirror, and to train the students how to use it and how to
assemble it initially.

(i) To implement the Pound-Drever-Hall method for locking
laser to the cavity using 1064 nm laser. In the meantime,
prepare a single mode Nd:YAG laser for use at CMS

(iv)To learn how to measure the properties of the
X-pendulum using laser metrology.




One Hundred Years of
General Relativity

From Genesis and Empirical Foundations to Gravitational
Waves, Cosmology and Quantum Gravity

One Hundred Years of
General Relativity

From Genesis and Empirical Foundations to Gravitational
Waves, Cosmology and Quantum Gravity

The aim of this two-volume title is to give a comprehensive review
of one hundred years of development of general relativity and its
scientific influences. This unique title provides a broad introduction
and review to the fascinating and profound subject of general
relativity, its historical development, its important theoretical

Volume 1

Thank you -

consequences, gravitational wave detection and applications to
astrophysics and cosmology. The series focuses on five aspects
of the theory:

Genesis, Solutions and Energy
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Empirical Foundations
Gravitational Waves
Cosmology

Quantum Gravity

The first three topics are covered in Volume 1 and the remaining

two are covered in Volume 2. While this is a two-volume title, it

is designed so that each volume can be a standalone reference Volume 3

volume for the related topic. 1
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