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General Introduction of Challenge
to direct detection of GWs

B What is Gravitational Wave (GW)

B History of Relativity verifications
B Gravitational Waves from General Relativity
B\Why the direct detection of GW is desired ?

B GW Sources

M Development of GW detectors (GWDs)

BResonant type GWDs
B aser interferometer GWDs

B Km-scale GWDs in the world



What Is GWs

i BRipple of space-time derived
from Einstein’s General Theory of
Relativity.

BThe speed of GWs is expected to
be same with light speed.

L Inagimation S

e i1 e MGW is transparent for any
\MW” material, except gravity sources.
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What is GWs

' mPolarization of GWs is
quadrupole because graviton is
mono-pole, while dipole for EMWs
because charge has two polarities.

HIf GWs pass through the space-
time, the distance between two

L | s gt *3

X % wme | Tree-falling mass seems to be
\MW” extended and/or shrinked.

& \\ BGWs frequency varies for their
ALBERT EINS ‘T E1N origins. The first targeted GW
TG frequencies are from 10 Hz to 1kHz.




Time Delay...

(History of Relativity Verifications 1)

BSpecial Relativity (Constant Light Speed, Inertia System Ideas)
¥ Time Delay = Observation of life time extension of muon.
M Lorentz Contraction

Muon Proton hits air
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* Muon life timeis ~ 2.2 x 10 ® [sec].

* 660 mis the maximum travelling length.
Muons cannot reach to the ground!

* However, the life is extended upto ~ 10
[sec] because of the near light speed.



Curved Space-time

(History of Relativity Verifications 2)

BGeneral Theory of Relativity predicts Curved Space

M Gravity Lensing Effect (GL) = In 1919, Sir S.Eddington observed star position
effects near the SUN before and after the eclipse. Recently, GL is used to

observe the amount of Dark Matter in th

e space.

M Perihelion Shift > Observed in Mercury and compact binary systemes,

estimated in b_iwe_u’_cron star system.
"IN THE HEAVENS

Men of Science More or Less
Agog Over Results of Eclipse
Observations.

EINSTEIN THEORY TRIUMPHS

Stars Not Where They Seemed
or Were Calculated to be,
but Nobody Need Worry.
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No More in All the Worid Could
Comprehend It, Said Einsteln When
His Daring Publishers Accepted It.

8| Galaxy Cluster Abell 2218
woll| NASA, A. Fruchter and the ERO Team (STScl, ST-ECF) « STScl-PRCO00-!



Twisted Space-time

(History of Relativity Verifications 3)

WFrame-Dragging Effect (FDE) -
Gravity Probe-B observed FDE and Geodesic Effect as
precession (0.000011 degree/year) of a Ball that has
ultimate sphericity. (It take 40 years to make a ball !)

Rotate a ball that has uItlmate spherlaty i
“(2mm roughness for the Earth scale

‘ball'!), and monitor its rece ion motlon
) 0 P! S'S | ...testing Einsteins Universe

by usmg sqmd technlque T
- ~ R iif\'f;’”“ Frame-dragging Effect
2p U M 39 milliarcseconds/year
g o ¥ SRR (0.000011 degrees/year)
i Guide Star
SR e e AT e : 5 : IM Pegasi
SR i e S £t S Bt e (HR 8703)
s 4a g Py v L e :

i / o . Geodetic Effect

6,606 milliarcseconds/year

(0.0018 degrees/year)



http://antwrp.gsfc.nasa.gov/apod/image/0404/gyro_gpb.jpg
http://antwrp.gsfc.nasa.gov/apod/image/0404/gyro_gpb.jpg

. ' @ ravitational Redshift

@ (History of Relativity Verifications 4)

B Gravitational Redshift Optical lattice clock can detects red-
shift bw the cm level altitude difference.

The strength of gravity affects the
time progress. (I.Ushijima et . al., Nature Photonics, 2015.5)

1960-65 : The redshift between the — pr e, | Lo _ [
22.6 m altitude difference was .’ B N
detected by using Mossbauer Effect.
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How to Generate GWs

- Non axis-symmetrical motion is required -

B Geodesic effect around a mass...

Plane space-time

Curved space-time generation
(assuming 2 dimension)

by a spherical mass.
Rotation of this ball cannot
generate GWs.
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How to Generate GWs

- Non axisymmetrical motion is required -

Non axisymmetrical motion is required...
For example, the compact binary system

(note : GW is not propagation of the change of gravity potential. )



Effect of GWs and Units

- distance change between two free falling masses -

WTwo polarization of GWs quadrupole.

Motion of Free Mass




Difference between EM and GW

EM(Electrical Magnetic Wave) GW (Gravitational Wave)

 Solution of Maxwell Equation  Solution of Einstein Equation (1916)
(1864) * Also Speed of Light

* Speed of Light * Indirectly verified by Hulse and

 Verified by Herz (1868) Taylor (1982~1989)

* Dipole Radiation due to +/-charged * Quadrupole Radiation due to mono
particle pole mass.

* Two Polarizations. * Two polarizations.

N



Effect of GWs and Units

- distance change between two free falling masses -

WOrthogonal length of space-time changes oppositely. If one arm shrinks, the other
will extends.

* Strain(h)=dL/L

* dLis proportional to L

* Signal cancellation will happen
for some frequency range.

///A';—_/nimg:_\;:;‘ M.Ando.



Mass of Star and Compactness are

Required

Mass of a star and its mass
compactness are necessary
to generate GWs that the
humankind can detect.

You can generate
undetectable small GWs by
rolling your arm.

dL g dL
— .50 i T P 23
< 10 "; y 10

Such kind of compact binary star (Neutron stars (NS) and
black holes (BK)) system dose exist ??



Mass Scale (Solar Unit)
0. 08LAF

Brown Dwarf

e .
Main Sequence Planetary White
Interstellar Stars Red Giant  Nebula Dwarf

Main Sequence
Stars Red Giant Supernovae Neutron Star

8~40 .

Main Sequence

-

Stars Red Giant Supernovae Black Hole
4011k ‘ .
'Neutron Stars
ius : ~ |ka

Mass : 1.4 solar mass (typical)




Indirect Evidence of GWs

Observation of the change of revolution time of PSR1913+16

PS 1913+16 was dlscovered by The accumulated amount of
< periastron changes
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General Relativity prediction -

shift of

Jrulotive

® o TUVE/NBREE: 7.75B%R
. s CEHE N)LY— 1.44 M,
) +£2 1.39 M,

1975 1980 18985 1990 1995 2000 2005
Year

Observation : (—2.4056 + 0.0051 ) x 10712 [s/s]

Theory  :(—2.40242 + 0.00002 ) x 10~12 [s/s]



Indirect Evidence of GWs

"for the discovery of a new type of pulsar, a discovery that has
opened up new possibilities for the study of gravitation"

Russell A. Hulse Joseph H. Taylor Jr.

“Direct” detection of GWs are strongly desired !



Orbital Parameter of PSR1913+16

- Kepler Motion -

* Firstly, a pulsar was found (59msec). il At ,f“—"“"m
* Its pulse period was regularly modulated - TN b i
(7.75 hours). Ellf \ I il
* It's aDoppler shift due to a binary star. =z | ‘1\ ; il
il |
(it ; k\
Orbital parameters are obtained from é i \1] / 11
the radial velocity, assuming Kepler i || i
motion. il o
T OS 3 O.I:—J [ 1
PHASE
No possibility except for NS-NS binary system ailll C M; + M,
from the obtained parameters, o 42
® Orbital period: 7.751939106 hr( P ) ,
® Eccentricity : 0.617131 fl car;)-t;eles tllm?tted from
® Semimajor axis : 1,950,100 km (a : ¥+ #&F) I gr it
® Periastron separation : 746,600 km (iﬁE)f—i) I " ; ift
® Apastron separation : 3,153,600 km (GE2 £3) PRI S et kel

e Mass of the main star



Orbital Parameter of PSR1913+16

- compensation assuming GR for M;, M, estimation-

Post Kepler parameters... .
Using a least square methods

(1) Change of Perihelion for each parameters, M1 and

/
a3l (Ml ] M2>2 i [deg/year] M2 are decided.
Mo
(2) Red Shift
-4/3

y = 2.96 e 1—\I/-I§M2 ]1\\/[4; <M1A;II_®M2> [msec]

(3) Shapiro Delay
-1 2/3
r= 5]\]\;—; [usec] s = 0.51 (3—;) <M1 ;/_[;MZ> [msec]

(4) Revolution time decrease due to GWs radiation

M, M,

Pb - _546 > <
Mg

M, + M,
Mg

WEHe
) [usec/year]



Direct Detection of GWs form Binary
Black Hole Coalescences by Adv.LIGO

GW150914 (36M 5-29M ) :SN~24, D ~ 440Mpc

Hanford, Washington (H1) Livingston, Louisiana (L1)

{ e L1 cbsarved
H1 cbsarved (shites, Invened)

- | 8 Numerical relativity !
Reconstructod (warvelet|
N Recon structed (bemplate)

o N & O ®
Normalized amplitude




Significance of LIGO GW direct detections
(GW150914...)

Direct Evidence of Black Holes

Discovery of Mid-scale ( > 20M ) BHs

Discovery of Binary BHs and their coalescences
within cosmological time scale.

Validity of GR in the very strong gravitational fields
around 30M; BHs.



The First Direct Evidence of GWs

Nobel Prize in Physics 2017
h 7

W

Kip S. Thorne (Caltech)

2017 Nobel Prizein P

*



Direct Detection of GWs form BBH
by Adv.LIGO

GW151226 (14.2M 5-7.5M 5 ) :SN~13, D ~ 440Mpc

Livingston
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LIGO Observation 1 & 2 Binary Range

(by D.Sigg in GWADW2017)

[1126623617-1136649617, state: All]
Binary neutron star inspiral range

urs]

h

Volume-Time
product now
about the
same for O1

& O2

Goal was 80-
120 Mpc

=)
—_

Total duration at sensitive distance

40 60

Angle-averaged range [Mpc]

e

hou

Total duration at sensitive distance

60 80

o

Angle-averaged range [Mpc]



Direct Detection of GWs form BBH
by Adv.LIGO

GW170104 (31.2M 5-19.4M 5) :SN~14,D ~ 880Mpc

Wavelets

Hanford

Livingston

Livingston
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Time from Wed Jan 04 10:11:58 UTC 2017 [s]

GW170608 (12M 5-7M )



Direct Detection of GWs form BBH
by Adv.LIGO & Adv. Virgo

GW170814 (30.5M -253M,) ,D~540Mpc
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CDS/P/Mellinger/color

Powered by Aladin

360° x 180°

o




GWs from Neutron Star Coalescence

GW170817 (Total Mass 2.74 M GL

Normalized amplhitude

LIGO-Livingston




Multi Messenger Astronomy
identified GW Source !!

GW170817 and GRB170817A in NGC4993
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Multi Messenger Astronomy Followed up GW Source

500 —
400 LIGO "Jlrgo FarmiGBM

N 300

SALT
ESO-NTT
SOAR
ESO-VLT

normalized F,

counts/s {a}h_ scale)

400 600 mtm 2000
t-t. (s) wavelength (nm)

Abbott 2017 ApJL_8¢

LIGER, Yirgo
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The First Detection of GWs from BNC

Nobel Prize in Physics 202?



More GWs candidates with low S/N
ratios are summarized in the near
future report in O1 and O2.

Events with S/N > 8 are regarded as GW
Events in LIGO/Virgo/KAGRA



Impact of. GW‘7 0817

= — z N
(Lcw—spin priors (|| < D.GS)\ (High—spin priors (|y| < [].89)\

Primary mass m, 1.36-1.60 M, 1.36-2.26 M,
Secondary mass m; 1.17-1.36 M, 0.86-1.36 M
Chirp mass M 1.18810 0 M, 1.188200m Mo
Mass ratio m,/m, 0.7-1.0 04-1.0
Total mass 2.74700M 2.82709M
Radiated energy E,u > 0.025M ,c* > 0.025M ;c?
Luminosity distance Dy 4077, Mpc 407}, Mpc
Viewing angle @ < 55° < 56°
Using NGC 4993 location ~ < 28°
Combined dimensionless tidal deformability A < 800
Dimensionless tidal deformability A(1.4M ) \ < 800 /‘)

N

*  Chirp mass was well decided.

* Mass ratio and spin are degenerated a lot.

*  Red shows large errors assuming |yz|<0.89
(EoS Constrain)

*  Blue shows narrower errors assuming
assuming |yz|<0.05 (Spin of NS that are
estimated to coalesce within Hubble time)

Hl:\l




Impact of .G WI‘ 7081 7

*  Eventrate of NS mergers is 1540 (+3200, - 1200) [1/Gpc3 /Year ]
*  This value is consistent with that obtained from galactic BNSs.

B. P. Abbott, The Astrophysical Journal Letters, Volume 832, L21, 20

L sul 1
o3 02 O1

Dominik et al. pop syn — 5

de Mink & Belczynski pop syn = —_ ey L

Vangioni et al. r-process = 224 L

Jin et al. kilonova = —a— L

Petrillo et al. GRB = 4 L

Coward et al. GRB = =

Siellez et al. GRB A e -

Fong et al. GRB - — L

Kim et al. pulsar - — L

alIGO 2010 rate compendium - : | -

10° 10 10° 108 10*
BNS Rate (Gpc ?yr 1)

Figure 6. Comparison of the O1 90% upper limit on the BNS merger rate to
other rates discussed in the text (Abadie et al. 2010; Coward et al. 2012; Petrillo
et al. 2013; Siellez et al. 2014; de Mink & Belczynski 2015; Dominik et al.
2015; Fong et al. 2015; Jin et al. 2015; Kim et al. 2015; Vangioni et al. 2016).
The region excluded by the low-spin BNS rate limit is shaded in blue.
Continued non-detection in O2 (slash) and O3 (dot) with higher sensitivities and
longer operation time would imply stronger upper limits. The O2 and O3 BNS
ranges are assumed to be 1-1.9 and 1.9-2.7 times larger than O1. The operation
times are assumed to be 6 and 9 months (Aasi et al. 2016) with a duty cycle
equal to that of O1 (~40%). For comparison the core-collapse supernova rate in
these units is ~10° Gpce 3 yr ! (Cappellaro et al. 2015 and references therein).

o | e | ml |
03 102 o1
Dominik et al. pop syn -
de Mink & Belczynski pop syn =
Vangioni et al. r-process A—d
Jin et al. kilonova = -

Petrillo et al. GRB - %4
Coward et al. GRB - /H
—é—i

Fong et al. GRB 4

aLIGO 2010 rate compendium = : =

e e P P PR Pl
NSBH Rate (Gpc2yr)

Figure 7. Comparison of the O1 90% upper limit on the NSBH merger rate to
other rates discussed in the text (Abadie et al. 2010; Coward et al. 2012;
Petrillo et al. 2013; Dominik et al. 2015; de Mink & Belczynski 2015; Fong
etal. 2015; Jin et al. 2015; Vangioni et al. 2016). The dark blue region assumes
an NSBH population with masses 5—1.4 M., and the light blue region assumes
an NSBH population with masses 10-1 4M Both assume an isotropic spin
distribution. Continued non-detection in O2 (slash) and O3 (dot) with higher
sensitivities and longer operation time would imply stronger upper limits
(shown for 10-1.4 M., NSBH systems). The O2 and O3 ranges are assumed to
be 1-1.9 and 1.9-2.7 times larger than O1. The operation times are assumed to
be 6 and 9 months (Aasi et al. 2016) with a duty cycle equal to that of Ol
(~40%). For comparison the core-collapse supernova rate in these units is
~10° Gpe 3 yr ! (Cappellaro et al. 2015 and references therein).



Impact of GW170817

B. P. Abbott et al. 2017 ApJL 848 L13 doi:10.3

847/2041-8213/aa920c

10%F — 1 ; AT E
- Eventrate of NS mergers <. . .7 .~ 3
102 o e T A N T AL S N s RRRREES B AGUREECEEEEEEEEEEERE
- 1540 (+3200,-1200) [1/GpS ear] -~ i
= : . A =
< O R AR SRRREER R G "'"'"{'-""E"',‘:,"'_'.—'—"' SRR
*; . . . _,‘_’Er
% 3 5 . -~ . :
R L e e Tt
@ E - v ’ ! I =
g ) - . :
@ . "
w ‘ -
8 L n %
g W07 g D Sy A — L = 5 x 10%%rg/s
E ,' Y 1" :: :'I ,', — YL = {J;Lmin = 1(}4781‘55/3
=0 B . . ne _ - )
E g2kl /A A VAR S — 92 = 0.5 Lin = 10%erg/s ||
© R _,'I " — =1Ly, = 104?01‘%/5‘1
2 — BNS -
103 e 57 i/ S BT — = SGRB total sample E
i £ 7% —— SGRB gold sample ]
- D, £ GRBI170817A
10~ - L : — ' —
102 101 10
Redshift (z)

Figure 6. Predicted detection rates per vear as a function of redshift. The red, blue, and green solid lines refer to the GBM observed SGRB rate assuming 4 minimum
luminosity Lpyia of 1 % 109 ergs™' anday = 1, 8. = 2 and 7, = {1, 0.5, 0} in Equation (21), respectively. The purple solid line refers to the base model with L s
of 5 x 10* erg s, The four curves are normalized by imposing 40 triggered SGRB per year. As 7 increases, the observed rate is no longer volumetric at lower and
lower redshifts, because a fraction of SGRBs becomes too dim to be detected. For reference, the red, blue and green dot-dashed curves show the local SGRB
occurrence rate for L, = 1 x 104 erg s~ and 7 = {1. 0.5, 0}, respectively. The black line and gray band show the BNS merger rate ISMfT%E'ngc‘Ryr‘l
determined with the detection of GW 170817 (Abbott et al. 2017e). For comparison, the measured SGRBs redshift distribution from Table 2 is shown in cyan, and 1s
broadly compatible with all of the models. The dotted vertical cyan line refers to the redshift of GRB 170817A host galaxy.



Impact of - G‘_.7Q8 Lo

*  Merger state was not detected clearly because of less sensitivity for
the high frequency ranges.

19
10 A I ! ’ - 1 L

i | L L ) 8 " ! > 3
LIGO — Hanford A A magnetar (intermediate) B STAMP : Zebragard 4
LIGO — Livingston ¥ ¥ bar mode (intermediate) - STAMP : Lonetrack 1
Virgo B B BNS merger simulation (short) [l <WB 1
w GEOGOO 1
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Impact. of GW‘ 7081 7

1.7 seconds dlfference of arrival time of GW and Gamma
ray resulted in strong constrained on the speed of GW.

At=D/vew—D/vgy AV=Vgw— Vg

~3 X 10715< Av [ gy, <7 X 10716

* We can get better constrain on Principle of Equivalence
because Shapiro delay is same level between GWs and EMs.

—2.6 X107y Yen=1.2X107°



Impact of -G WI 7081 7

B. P. Abbott et al. 2017 ApJL 848 L13 doi:10.3847/2041- 8213/aa9200

* Lorentz Invariance (If there is invariance, dispersion has
dependency on directions.)

Av Ezmz«:zyzm(n)[ = 1)1+IS(4) 5((;1))1??1

Table 1
Constraints on the Dimensionless Minimal Gravity Sector Coefficients
¢ Previous Lower This Work Lower Coefficient This Work Upper Previous Upper
0 3o 107 2 M [l 5. 107" 8w 1077
1 1= 107" ~3 = 10" Fib 7% 1075 7= 107"
8« 107" N (1 Re 511 2w 1071 8= 10"
7% 107" 3w 107 Im &} 7% 107'% 9 107"
2 —1 = 107" —4 w10 —3 § o 10" 7= 107"
7= 10" |« 10 Re &} 2« 107" 7= 107"
5% 107" 4 107" Im 8 107" 8 = 10"
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Mote. Constraints on the dimensionless minimal gravity sector coefficients obained in this work via Equations (1) and (2) appear in columns 3 and 5. The
corresponding limits that predate this work and are reported in columns 2 and 6; all pre-existing lhimits are taken from Kostelecky & Tassom (200 5), with the exception
of the wpper limit on T,';' from Shao (2014a, 20014b). The ismropic upper bound in the first ling shows greater than 10 orders of magnimde improvement. The gravity
sector coefficients are constrained one at a time, by setting all other coefficients. including those from the EM sector, to zero.
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Impact of GW170817

B. P. Abbott et al. 2017 ApJL 848 L13 doi:10.3847/2041-8213/aa920c

Constrain on QoS of NS.
According to gamma ray burst model, we can put loose
constrain on EoS.

SHT

%

0.8 4

0.6 4

Figure 3. Critical mass boundaries for different EOSs in comparison with the 90% credible region of the gravitational
masses inferred from GW170817 (prior limits on the spin magnitude, |xz|, given in the legend). The slanted curves in
the left panel and middle panel correspond to the maximum baryonic mass allowed for a single non-rotating NS (left)
and for a uniformly rotating NS (middle). Arrows indicate for each EOS the region in the parameter space where the
total initial baryonic mass exceeds the maximum mass for a single non-rotating or uniformly rotating NS, respectively.
The right panel illustrates EOS-dependent cuts on the gravitational mass m, of the heavier star, with arrows indicating
regions in which m,exceeds the maximum possible gravitational mass M”static_G for non-rotating NSs. In all three
panels the black solid line marks the m, = m,boundary, and we work in the m, > m, convention.



Impact of GW170817 "

doi:10.1038/nature24471

* A gravitational-wave standard siren measurement of the Hubble

constant

0.04

0.03 +

0.02

p(H, | GW170817) km~' s Mpc)

0.01 1

0.00 . 1 1 1 1 1 ll 1 1
50 60 70 80 90 100 110 120 130 140

H, (km s7' Mpc™)

Figure 1 | GW170817 measurement of Hy. The marginalized posterior
density for Hy, p(Hy | GW170817), is shown by the blue curve. Constraints
at 1o (darker shading) and 20 (lighter shading) from Planck®® and

SHoES?! are shown in green and orange, respectively. The maximum a
posteriori value and minimal 68.3% credible interval from this posterior
density function is Hy= 70.0"§5km s~ 'Mpc L. The 68.3% (10) and 95.4%
(20) minimal credible intervals are indicated by dashed and dotted lines,
respectively.
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Figure 2 | Inference on Hy and inclination. The posterior density of Hy
and cost from the joint gravitational-wave—electromagnetic analysis are
shown as blue contours. Shading levels are drawn at every 5% credible
level, with the 68.3% (1o solid) and 95.4% (20; dashed) contours in black.
Values of Hy and 10 and 20 error bands are also displayed from Planck?’
and SHoES?!. Inclination angles near 180° (cost = —1) indicate that the
orbital angular momentum is antiparallel to the direction from the source
to the detector.
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* Stochastic background GWis that ompose of many GWs from NS-NS, BH BH
coalescences ever Bigbang might be found just below the level of LVK

targeted sensitivity ! Qaw(f = 25 Hz) = 1.8727 x 107°
ng(ﬁ5 HZ) T [S] A ]
BNS 07703 x 107 13709 15730 N 1 dpaw PGW :Energy density of GWs
BBH 1.175%x107° 223F ?‘;‘5 [}[}GH’ “3 W =" dInf pe=3Hic*/(87G)
Total 18?3;;, x 107° 124_4 l'_?é : Density limit

* 40 months observation with LVK designed sensitivity will enable us to
them with S/N = 3. Contribution from 10 Hz to 100 Hz is 99% to get S/N = 3.

10°° RIS 7
Correlation /i —o02

. ;r ==-03
AnaIYSIS 'ff !; - Design
5 A —Total ]
107 F £ [ 1Poisson
.;’,f ——BNS only
Ay ——BBH only

02 Gray : Uncertainty due to
event rate variation

—total

[_1Poisson
10! 10% 10° 0 10 20 30 40
Frequency (Hz) Observation time (months)

01
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Observation 1,2 0')'7’-7 P (=
1448 (r=tzsU . HEF e, T =YLt
NnT. T 3i13¢7)

FHAREREASUPTHEHTOUDELE LR
SYERTHER(ENTRECECRTH
AT REMITE X 3)

Date UTC Search FAR [y ] Network SNR M M, ] Data Quality

151008 14:09:17.5 PyCBC 10.17 8.8 5.12 No artifacts

151012A 06:30:45.2 GstLAL 8.56 9.6 2.01 Artifacts present

151116 22:41:48.7 PyCBC 4.77 9.0 1.24 No artifacts

161202 03:53:44.9 GstLAL 6.00 10.5 1.54 Artifacts can account for
161217 07:16:24.4 GstLAL 10.12 10.7 7.86 Artifacts can account for
170208 10:39:25.8 GstLAL 11.18 10.0 7.39 Artifacts present

170219 14:04:09.0 GstLAL 6.26 9.6 1.53 No artifacts

170405 11:04:52.7 GstLAL 4.55 9.3 1.44 Artifacts present

170412 15:56:39.0 GstLAL 8.22 9.7 4.36 Artifacts can account for
170423 12:10:45.0 GstLAL 6.47 8.9 1.17 No artifacts

170616 19:47:20.8 PyCBC 1.94 9.1 275 Artifacts present
170630 16:17:07.8 GstLAL 10.46 9.7 0.90 Artifacts present

170705 08:45:16.3 GstLAL 10.97 9.3 3.40 No artifacts

170720 22:44:31.8 GstLAL 10.75 13.0 5.96 Artifacts can account for




What We Know and Don‘t Know About the GW Sky
by Salvatore Vitale (MIT) in DAWN Il Meeting (Renewed by Miyoki)

Note: some of the searches in O1 data are not finished yet!

>= 02
Decent in 02
>=02
>= 02
> 03, A+, NF > 03, A+, NF ??
@ >03

NF NF

02 w/ Virgo

NF= new facilities (CE, ET)
S. Vitale

02 - NF

From 15t detection

From 15t detection

03, 04, A+, NF
A+, NF

>= 03
From 15t detection

Not relevant

>>> NF

Not Relevant

>= 03
From 15t detection

A+, NF




We should realize targ‘t.e‘dsensitivity
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We need Better Sensitivity !
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We need more detectors !

7
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Observation Scenarioof LVK"

== Early me Mid mm | ate = Design
60-80 60-100 120-170 190
Mpe Mpc Mpc Mpc
LIGO B B @ & -
25.30 i  65-85 65-115 125
Mpe Mpc Mpe Mpe
Virgo f | & I e
BTNV —— bKAGRA ' % 2540 40-140 140
: Mpc  Mpc Mpc
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| 1 1

2015 2016 2017 2018 201 EI 2020 2021 2022 2023

https://link.springer.com/article/10.1007%2Fs41114-018-0012-9



ction of GWs IS important ?

7

1)

BENew probe to observe the Universe during 380000 years
after the Big Bang.

BWe have only EMs and particles as observation method of the Universe.

W380000 years cannot be Transparent to Acceleration of
. radiation Expansion

Observed with EMs because (380000 Ye3rs) pary age  EHCEROIES

the Universe is so hot that

EMs were scattered a lot.

Inflation

BOnly Neutrino and GWs that :
uantum
can be transparent for any guctuation

material can observe this history. iy ko | T WMAP

First Stars
(4 million years)

13.8 billion years




Why direct detection of GWs is important ?
(2)

“Probe of Gravity : Gravity is the most unknown subject in Physics
M Gravity force is extremely weak (1/1039) compared with EM force and atomic
forces in the scale of humankind that it is almost impossible to search the
property of gravity and its field. The force strength ratio of SF, EMF, WF, GRF is

= 1 S 1, o A i st f 1
g ( ) il e ol . 1075 : 10739
2he 2£0hc h?c? hc 137 °

M Detectable GWs are radiated from so strong gravity field that GWs have
unique mformatlon about gravity fields and compact stars mechamsm

ww o e

. ‘(Gvgrall view of the
Gfawtajlona«- waves search y 9

_in-several countries (USA
Europe and ‘pgan)ﬂ

CERN
St TI.A ALICE
P in Point




Why direct detection of GWs is important ?
€),
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Gravity rules the structure and 3K Cosmic Microwave Background

7%

fate of the Universe.

BMBoth EM force and Gravity force are long-
range force. EM force can be cancelled
because of sum of attracting and repulsive
forces in the Universe scale. On the other
hand, gravity force can be alive.

WMAP concluded that the Universe must
M Baryon that we used to recognize as the all  consist of 73% DE, 23% DM and 4% Atoms !!

component of the Universe was proven to be
only 4% of the Universe !!

M Dark matter can be observed by Gravity
Effect.

Mt is quite natural motivation to observe the
Universe that is dominated by Gravity with
Gravitational Waves .



http://upload.wikimedia.org/wikipedia/commons/c/c1/WMAP_image_of_the_CMB_anisotropy.jpg
http://upload.wikimedia.org/wikipedia/commons/c/c1/WMAP_image_of_the_CMB_anisotropy.jpg

Gravitational Wave Astronomy

CMB

IF

Gamma Ray " Gamma burst

® New method to observe the Universe
® Unexpected Objects ??



Expected GW Sources

- Big Bang, Compact Stars High Energy Objects-

Big Bang an'd\lnﬂation Superno;vae _ Pulsar
(Image (NASAY - (NASA)

HEEfHHE(KBEE]

0.08UF
/
/ ERIE 50 — improved model ‘
grAzr [ 0.08~8 ’ .
— previous model
FRIE
L

= e 0.10 Star Binary
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\dowt£ o - P> And their Coalescences



Expected GW Sources

Pulsar
(NASA)

Supernovae

Big Bang ansL\Inﬂatlon
(NASAY s

(lma ge)

As GW backgr

Chirp Wave

HEGHE(KBEE]

0.08LAF

L4
// ERIE
gmrz / 0.08~8

Distortion due to gravitational wave

"

eutron Star Binary
System

L 3
~40
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IRIE FEEE F—— " -
gy % . And their Coalescences
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Expected GW events Rate

Known compact star binaries in our galaxy

PSR name P, (ms) Tiise (GYT)
B1913+16 59.03 0.37
B1534+12 37-9 2.93

J0737-3039A 22.7 0.23
J1756-2251 28.46 . 2.03
J1906+0746 144.14 . 0.082
J1227+11C 32.76 0.32

Merger Rate of compact star binary and GWD expected detection rate / galaxy/ year
NS-NS BH-NS

Merger Rate 83.0°2 x10°° 107 ~107

2"d GWD expected 9 9+232 0.087 ~ 87
detection rate TR




GW Sources

Amplitude, Frequency, Event Rate

GWs from NS-NS coalescences are most reliable sources, and their
wave forms can be theoretically predictable.

N

Estimated Event Rate : 1/100000 years per one Galaxy

U

Let’s make a GW detector that can observe 100000 galaxies !!

U

10224 [1/[rHz] @ 100Hz Sensitivity !!

. #*Hercules Galaxy Group Rate 75‘"'““18 CBC case
_ 0:01/year several/year
Andromeda Galaxy B - 1044 sec
= After
Our Galaxy S Bigbang

3 '_'yr~ 60 M Lyr 700 MLyr
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The First GWD

- Pro. J.Weber Maryland Univ. USA (1969) -

“Resonant Type GWD : Detect Excitation of a rigid body resonance due to

s GWs tidal force.

[ TRAMSDUCER

SENSCR POLARIZATION
AMPLY FIER&::‘/,L,

DIRECT&OW
J

BAR

( TRANSDUCER

SENSCR l
AMPUF!ER&;,L.

BAR

® Coincident signals were :
observed in two GWDs that were
set 1000km away.

® The first GWs detection was
reported, but... amplitude is too
large to destroy the Universe

AL within 10 Mega years !!

Sl s g No positive verifications

COINCIDENCE TIME MARK -—* MARYLAND DETECTOR

FIG. 2. Argonne National Laboratory and University fO"OWEd his experiment.

of Maryland detector coincidence.




Many Resonant Type GWDs in the world

Thermal noise reductlon is essentlal to enhance the sen5|t|V|ty
o B EXPLORER =T o

Technical aspects to

enhance the sensitivity.
Seismic noise isolation
Cryogenic operation
Low mechanical loss bar
Squid for signal
extraction

Some of these resonant
type GWD performed
coincident observation,
but no remarkable report _
about GW signal detection.|

NAUTILUS




satellite in 1981, Residual relative error of
2x1073 was obtained for the frequency
ranges from 4x10° to 2x103 Hz.

z A R

_____



//upload.wikimedia.org/wikipedia/commons/2/29/Voyager_spacecraft.jpg
//upload.wikimedia.org/wikipedia/commons/2/29/Voyager_spacecraft.jpg
//upload.wikimedia.org/wikipedia/commons/3/3e/Pulsar_schematic.svg
//upload.wikimedia.org/wikipedia/commons/3/3e/Pulsar_schematic.svg
http://www.telegraph.co.uk/scienceandtechnology/science/sciencenews/5164808/Worlds-most-accurate-clock-unveiled.html
http://www.telegraph.co.uk/scienceandtechnology/science/sciencenews/5164808/Worlds-most-accurate-clock-unveiled.html
http://www.telegraph.co.uk/scienceandtechnology/science/sciencenews/5164808/Worlds-most-accurate-clock-unveiled.html
http://www.telegraph.co.uk/scienceandtechnology/science/sciencenews/5164808/Worlds-most-accurate-clock-unveiled.html

Other 1deas tor GW detection

la]

The target is the primordial GWs that This GWs left B-Mode
are generated by the inflation at the polarization in CMB.
beginning of t e.
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By Hazumi-san in Fujihara-seminar



The Main Stream of GWDs

- Ultra-precise length measurement -

ser interferometer based on the Michelson Interferometer

Riey ¢ M,

-~




Let’'s make GWD

as
an ultra-precise length measurement
iInstrument




Strateqy

Store a large amount of photon
in the interferometer,
then
enhance the rate of interaction between
Photon and Graviton.




Differential Motion Measurement

\4/‘/ @ Mirror1

. \\JQ*
Mirror2 Nm\ Interference
\\ pattern

/v/—._‘

Laser - Photodetector




https://www.ligo.caltech.edu/



Principle of a Laser Interferometer

® Simple Michelson Laser Interferometer

Mirror 2

Mirror 1 Only Optical Noise

10-19 :
50/50 = 102
i .-
Beam Splitter T o
£ 102
s
Only one tim A 102 |
Go and back Target
(3~4km arm 10-24 Sensitivity
10 100 1k 10k
Laser Photo Detector Frequency [Hz]

(Interference Change due to GWs)



Ultimate Interfermeter

- to obtain 3x1024[1/rHz] @100Hz-

WPower Recycled Fabry-Perot Michelson Interferometer

Only Optlcal Noise

10-19

| 2P
° 1020 Momentum =—

10-21

10-22

‘

Strain [1/rHz]

102 |

1024

10 100 1k 10k
Frequency [Hz]

unction of Storage power
enhancement by a Power Function of observation frequency band

Recycling Technique adjustment by a RSE Technique




Practical Noise Sources in GWD

BGWD Noise Sources

WShot Noise BHESETEEE S
BMRadiation Pressure Noise TNy axhl

M (Standard Quantum Limit)
BSeismic Noise
M Gravity Gradient Noise
M Residual Gas Fluctuation Noise
M| aser...
BFrequency Noise
B Amplitude Noise
MBeam Jitter Noise
B Scattered Light Noise
MThermal Noise (many mechanism) ...
Mof Mirrors
Mof Mirror Suspension
M Control Electrical Noise for
mirror length and alignment control
ML ength Signal Mixing Noise
(Five degrees of freedom)
B Parametric Instability
BSound Noise




Required Strain Sensitivity

- 3x1024 [1/rHz] @100Hz strain sensitivity -

HWOne of targeted GWD strain sensitivity to expect several
times/year event rate of GWs from NS-NS binary coalescences

seis ——susp ——mirror
20K —— BRSE DRSE ——SQL

N
1

V]
N

-—
o

D

(=)}
L1 1111l

Sensitivity [1/rHz]
I

10 100 1000
Frequency (Hz)

WObviously, GWD is ultra-precise length measurement instrument.



NDs In the

- as GWD network -
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LIGO Project sincel 994

- Caltech-MIT and GEO600 and LIGO Scientific Collaboration -
Hanford (Washington St.) L|V|ng Stone (Loumana St.)

LIGO .

LS i

Livineson, LA (4 K y L1))

Vacuum Chambers Vibration Isolatloﬁn Stack M|rror and Suspensmn



Highlights of LIGO

- Caltech-MIT and GEO600 and LIGO Scientific Collaboration -

2 X 1023 [1/rHz] strain

Strain Sensitivity of the LIGO Interferometers ..
sensitivity can detect GWs

Final S5 Performance LIGO-G0900957-v1

le-16 prm R higelnn 15Mpc away with SIN=8
LHO 4km - (2007.03.18) S5: Binary Inspiral Range (1.4/1.4 Msun) = 15.6 Mpc B
LLO 4km - (2007.08.30) S5: Binary Inspiral Range (1.4/1.4 Msun) = 16.2 Mpc [~
le-17 LHO 2km - (2007.05.14) S5: Binary Inspiral Range (1.4/1.4 Msun) = 7.5 Mpe -; . . . .
LIGO T SRD Goal. 4k il Coincident observation using
te-1® two 4km and one 2km GWDs
T for 3 years.
=)
Z 1620 .
= No remarkable GWs signals.
E .
= Je2l Some new astrophysical
s upper limits.
fe-23 Upgrade for GWs detection is
Y S N R I S R B S I now undergoing.
10 100 1000 10000

Frequency [Hz]

37 generation GWD styles are

investigated.




Highlights of LIGO

- Caltech-MIT and GEO600 and LIGO Scientific Collaboration -

N
N

H
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Strain Sensitivity (1/\Hz)

— Typical Sensitivity |
— Sensitivity with Squeezing
23 I I I | [ ]

10 10°
Frequency (Hz)

10



Advanced-LIGO Project

- Caltech-MIT and GEO600 and LIGO Scientific Collaboration -

usmg active isolation
and 4-stages
suspension

New Vacuum Chambers

Mirror Assembly



Sensitivity of iLIGO & Adv.LIGO
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Sensitivity Projections

Projections toward aLIGO+ (Comoving Ranges: NSNS 1.4/1.4 M, and BHBH 20/20 M)

—h

o

1
o)
N

Strain noise h [1// HZz]
o

(1 typical: NSNS 74 Mpc, BHBH 581 Mpc
()2 projection: NSNS 87 Mpc, BHBH 674 Mpc
aLIGO full power: NSNS 191 Mpc, BHBH 1366 Mpc
aLIGO+: NSNS 354 Mpc, BHBH 2240 Mpc

10" 102 10°
Frequency (Hz)




Advanced LIGO Summary

Interferometer Commissioning : The Advanced LIGO
interferometers have already exceeded the sensitivity of the
initial LIGO interferometers by more than a factor of three and
are operating at sensitivities that are interesting from an
astrophysical point of view.

First Advanced LIGO Science Run: The LIGO Laboratory and the
LIGO Scientific Collaboration started “O1” from Sept 2015. Then
Finally detected GWs as GW150914 and GW151226 form BBHs.
Second Advanced LIGO Science Run: “O2” from December?
2016. GW170104, GW170608, GW170804 form BBHs and
GW170817 from BNC !! were detected.

Network Detection: GW170814 was also detected Adyv. Virgo.
Multi Messenger: GW170817 was also observed many EM
observatories, such as Gamma-ray, X-ray, Ultra violet, Visible,
Infrared and Radio waves.



VIRGO Project

- Maily France and Italy and Netherland, and EGO -
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VIRGO Project

- Maily France and Italy and Netherland, and EGO -
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GEOG6OO Project

- Germany and Great Britain -
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Strain ASD [1/sqrt(Hz)]
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GEOG6OO Project

- Germany and Great Britain -
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Mirror suspension system
using low mechanical loss
silica fibers are introduced. 2
Used in Advanced-LIGO

Signal Recycling technique
introduction

Continuous GW observation
for bare possibility during
LIGO and VIRGO offline and
upgrading time.

Advanced quantum optical
technique development and
installation, such as Squeezed
light source.




GEOG6OO Project

- Germany and Great Britain -

Squeezed Light Source in a table top Experiment
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GEOG6OO Project

- Germany and Great Britain -

3.5dB Squeezing in GE0600

oo

F 10

GW-strain (1A\Hz)
<

1022
100 200 300 400500600 800 1k 2k 3k 4k 5k

Frequency (Hz)



Highlights of LIGO

- Caltech-MIT and GEO600 and LIGO Scientific Collaboration -
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Advanced GW Detectors Sensitivity
- Advanced LIGO, Advanced VIRGO, KAGRA, GEOHF, LIGO-
India -
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KAGRA Project in Japan

- TAMA300, LISM, CLIO to KAGRA -
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History of GWD Development

in Japan
XPASSE ) Kamiand Alfitude 358m
uﬁd‘"cry‘oge ol KAG.RA Started
‘ in 2010

2010

o Thermal Noise Reduction
ii Verification in CLIO

Cryogenic IFO
Demonstration using

CLIK and CLIO

TAMA
LISM
Observation

Underground
IFO (LISM)

| Low Loss High quality mirror

| Development

| FP and Delay-Line Comparison |




Cryogenic Laser Interferometer Obs.

- Underground, 100m baseline, Cryogenic Sapphire Mirrors -
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Merits of GW detection network

® Convincing “True detection”
* By coincidence of independent detectors.

® Determination of

e Arrival time,

* Polarization of GWs,

* (in case of inspiral binary,) absolute amplitude and
inclination angle of orbit.

® Duty time of observation

* More GW events,
* Chance of follow up observation.

® Sky coverage enhancement



Importance of GWs network detection

(1)

(1) Dead angle minimization

One GWD has insensitive Assuming put 3 GWD 4ok
angles because of on the Earth as jl> Good sky coverage
directionality. shown in this can be obtained.

+ figure...

GWD on XY plane has four dead angles



Importance of GWs network detection

(2)

(2) Enable source position identification
- angular resolution enhancement -

tc — ¢
tan¢ = ¢ 4

tp — ty
C
sinf = Z\/(tc —t)? + (tg — ty)?
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95% confidence level

Determination of source sky map

LIGO (L+H) + VIRGO + KAGRA

LIGO (L+H) + VIRGO

1003:2504

Wen and Chen, arXiv




Multi-messenger Astronomy

T.Nakamura
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