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1. Introduction : Yi§Fi55T

“Optical Lattice Clock”
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1. Introduction : EAKRELA List of GW events

Detection T Location  Luminosity Energy Chirp Primary Secondary Remnant
GW event * time ¢ biiehed + area"' ¢  distance ¢ radiated * mass ¢ Mass Mass Mass In5) Notes ’
upls —_ - - S s & s s & s s s inin -
wrey P (deg® | (Mpoy"d (M )3 mgnd | TVPES S TIPE Sy TIPS m,y ORI
2015-06-14 600 Iy First G\ detection; first BH
. <Uio-Lo-1 " " » mosiy 1160 10,6 ~ 1.8 50 ’ o 13 nn 137 10,06 -
GW150914 00:50:45 2016-02-11 B 0 _yan a0 ;s 28.2 . 364 44 BHI""l | =g g TS BH 622 54 | 068 % n‘erger.observ:c largest
progenitor masses o0 dale
Mot significant enougn to
o 2015-10-12 ~ e +500 £03 +1.4 414 40,09 e .
LVT151072 () 00 B1:43 2016-06-15 600 1000 _op) 15 4 15.1 4 357, 066y, [confirm (~13% chance of being
ncise)
L . 2016-12-26 o 180 +01 3 5.1 +0.06
GWIS1226 o 2016-05-15 B50 440 t'gr: 0 _._:.? 8.3 +_OU 20.8 j LAY 7 e
A 2017-01-04 - e . +450 0.6 +24 57 +0 00 |Fartmest confirmed event 1o
GW170704 e 2017-05-01 200 880 _ag,, 20 _5~ 211 55 487 g | 064 5 dae
) 2017-06-C8 520 e i . 5 , . | Smallest BH progenitor
GVI170608 2017-11-1€ T a0t | a9 | 74104 180752 06 0% S
02:01:16 north =140 =012 =0.3 - masses 1o date
2017-08-14 60 ’ First detection by three
. o LA d i Ll b ——— y lowards +H130 +0.4 1.4 3.2 +0.07 sadnriac: firad
GwW170814 109043 2017-09-27 Eridanus 540 _o.p, 27 _a 261 _4'y 832 5= 070 505 cbservaiores; first o
measuremen! ol polarizalion
. First NS merger observed in
2017-08-17 28; NGC +8 H.004 = +0.04 GW; first datection of LM
GW170817 2017-10-18 > 0.025 s BHN 10 | o747 .
© 12.41.04 ! 4993 40 _14 1188 _0.002 &7 001 counterpart (GRE 170817A; AT
2017gfn); nearast event In cate

Masses in the St?,"?r Graveyard

https://en.wikipedia.org/wiki/List_of_gravitational_wave_observations
https://www.ligo.caltech.edu/image/ligo20171016a
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1. Introduction : EEiEEH

Gravitational Wave Detectors and Sources
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1. Introduction : EAKRELN SFHZERITTOEREUAETHE

LISA (ESA/NASA) B-DECIGO = DECIGO (BZ%)
Laser Interferometer Space Anntena Deci-hertz Interferometer GW Observatory
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Ik — KEZ D L4 1 315 #EkEOlEE 2000km [c 31 = XEEAEIME
250 /5km 100 km = 1000 km
IEEnoiselciHH
KNS VRRVY Fabry-Perot F#&t
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drag-free flight drag-free flight

Doppler tracking with Laser beam w EFSErERU
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2. Cassinit2F8aEo Ry I S—ENBE

Cassini 2001-2002 (Armstrong, LRR 2006)

Armstrong et al. ApJ, 599, 806 (2003)
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| Cassini(1997-2017)
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Table 4: Required improvement in subsystems to improve overall Doppler sensitivity by a factor of 10
relative to Cassini-era performance.

Noise sonrcee Comment (7, at 7 = 1000 s) Required

improvement

Frequency standard currently FTS + distribution ~ 8 x 10716 ~ 8X ’E?H#E‘I’G)F E
Ground clectronics currently ~ 2 x ] 0—16 ~ 2X i&;—kij”"‘ 0) ‘i'\/
. - x E

Tropospheric scintillation  currently =~ 107 under favorable conditions ~ 10X o
Plasma scintillation Cassini-class radio system probably adequate for =~ 1X 771 7 o)ﬁ'\/ =
calibration to ~ 10—-% s\l . B/ $BR
1B Y 7, &
Spacecraft motion currently ~ 2 x 1016 ~ 2X 7(]%7'5% §-.|. 0)5"/ =

2
Antenna mechanical currently =2 2 x 10~!° under favorable conditions = 20X ﬁg%ﬂﬁﬂ
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2. CassiniTE2%FBHORYIS—EIMEE RERLDEE (1)

> 3EOEFEERTERFREZHERT S

BRTHEET SES
REMT IAVICE B AUBEZTLOEEZMHIET S0,
2 DDEKEFIHEZHAWS (double tracking)

> KTEETZEE
75XV DEEHERTES £ ERRINFEHE

1.5kmaDEiRK » 10-5Hz

Table 4: Required improvement in subsystems to improve overall Doppler sensitivity by a factor of 10
relative to Cassini-era performance.

Noise sonrcee Comment (7, at 7 = 1000 s) Required

improvement

Frequency standard currently FTS + distribution ~ 8 x 10716 ~ 8X ’E?H§§+o)*§ IE > %*ﬁ% H%E-I-
Ground clectranics currently ~ 2 x 10718 ~ 2X j&i}ki\jiﬁ, 0)%2@ > $ ﬁ:DEFEﬁ/\
Tropospheric scintillation  currently =~ 107 under favorable conditions ~ 10X —_ . e —
Plasma scintillation Cassini-class radio system probably adequate for = 1X %EE 771 ? 0)?‘2% > %E1E
calibration to =~ 10~-% R B2 38R | e
Spacecraft motion currently ~ 2 x 1016 - 2X Kpﬁtﬁﬁaq 5"% > E ﬁﬂgmi
xr 4= 4 S
X EEIE AlGEitt

2 |?

| SV AN

Antenna mechanical currently = 2 x 10~!* under favorable conditions
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2. Cassinit2iF8"HOoRY I S—EMEE RERLDIERE (2)

N DI

Ly

= U B INERE

= F=P/c
P=1.3 kW/m?2
1000 kg, 10 m2

a=bx108 m/s?2
AP/P =1/1000

Aa/a = 1011

> HEZRIHIT

Table 4: Required improvement in subsystems to improve overall Doppler sensitivity by a factor of 10

relative to Cassini-era performance.

RFRETOEE

> SLigFRsET

IR B DEE

TSARDEE
PNCp A

Noise sonrcee Comment (7, at 7 = 1000 s) Required
improverment
Frequency standard currently FTS + distribution ~ 8 x 1071° ~ 8X
Ground clectranies currently ~ 2 x 10718 ~ 2X
Tropospheric scintillation  currently =~ 107 under favorable conditions ~ 10X
Plasma scintillation Cassini-class radio system probablyv adequate for =~ 1X
calibration to ~ 10~-%

Spacecraft motion currently ~ 2 x 1016 ~ 2X
Antenna mechanical currently =2 2 x 10~!* under favorable conditions = 20X

E = w1

wa P B2y
AEE®
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2. CassinitEFETHOFYIS—EWRE RERLODRERE (3)

INTTOEMMTT, Cassinikb STEEREFLIFSNS !
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3. XiI&FIFstZRAVWEED RSN : (Kolkowitz+®Diwd)

PHYSICAL REVIEW D 94, 124043 (2016)
Gravitational wave detection with optical lattice atomic clocks

S Knll‘.uwil/,:'. l. Pukuv.\'lal,m N. |.Hll"-;t1”n‘.l:: M DD, I.ukiu,z R.L. W:flanrlh,'?"" and J. Ye™'
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drag-free flight
Doppler shift with Laser beam

G Z D OHAEFREHC SR U IIRE
' Loeb, Maoz, 1501.00996
Vutha, New J. Phys. 17, 063030
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3. XTIt ZAVWCED KRB ; Ri/RE
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3. XigF
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3. XTIt ZAVWCED KRB ; Ri/RE
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2. CassinitEFETHOFYIS—EWRE RERLODRERE (3)

INTTOEMMTT, Cassinikb STEEREFLIFSNS !
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3. JiigFisEtZ)

he(f)

ha(f) =/ FSn(f),

10-15

10-17

10-19

10-21

FRUVCEDREHR  BEMR+SY—TY FEDRIR

equal-mass Binary BH inspiral at 1Gpc

Characteristic Strain — frequency
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3. JiigFisEtZ)

he(f)

ha(f) =/ FSn(f),

10-15

10-17

10-19

10-21

AU\ Eal - %

EH#R+5—T Y FEARIR

unequal-mass Binary BH inspiral at 1Gpc

EEESELE g=0.1

Characteristic Strain — frequency
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3. XigFigstal
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unequal-mass Binary BH inspiral at 1Gpc

EEESLE g=0.01
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3. XigFigstal

detectable distance [Mpc]

FV\CEARERA « SRAIn] HERERH
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0.1 ) | | | L 1 L 1
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3. XigFigstZ RLIZEDRESR « SAlnIsEiERE

S/N=100
Inspiral Range [Mpc] - Chirp mass [Msolar] (SNR=100) Z
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3. XigFigstal

FV\CEARERA « SRAIn] HERERH

detectable distance [Mpc]

Cassini+++
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3. Y FREZAVCEDRESR SN0 el

Cassini++++
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3. YiEFiETZAVWCENDRSR  SUACIAEIERE EEEEH q=0.2
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3. YiEFiETZAVWCENDRSR  SUACIAEIERE EEEEH q=0.2

EEL g=0.2 Cassini++++ LISA  1702.00786
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4. SMBHO®RET )L : IMBHSs' hierarchical mergers

HS, Kanda, Ebisuzaki, ApJd, 835 (2017) 276 [arXiv:1610.09505]

How many BHs in a Galaxy? f§ How many Galaxies in the Universe?

60M
n(M) o 7<3
‘ 109} Mga.la.xy 7 within z=5 19
~~~~~~~~~ 1

IMBHs Ngalaxy e M 10

l 102 —100M. '

0.001| —1.95
109 M, M
SMBHs 107] within
J10° M- | | |
© " 10 100 1000 10% 1x1011 se101T 1x107  sx102 lwga.laxy
BH mass 101 M, 1012 M

How many BH mergers in the Universe?

Event Rates at bKAGRA

(QNM, S/N=10)

SNR = 10, KAGRA, spin parameter averaged

100

“ peak at 6OM

200 events/yr

frequency[Hz|

Event Rate [1/yr]

500 1000

BH mass (final BH) [Mg)]
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100 50 100




AR F R U\ EE NIRRT EDIRSE

4. SMBHO®RET )L : IMBHSs' hierarchical mergers

BHs How many BHs in a Galaxy?
M)

How many Galaxies in the Universe?

J60M ¢
n( " 7<3
‘ 5| M galaxy ’ within z=5 ) 19
IMBHs 012 1/ Mgalaxy e MT 10
l 10¢ — 10" M 100001 © | . -
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Event Rates at B-DECIGO

How many BH mergers in the Universe?
(QNM, S/N=30)
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4. SMBHODABES )L : IMBHSs’ hierarchical mergers

Event Rate

Cassini+++

event rate [/yr]

=100

102 104 106 108

BH mass [Msun]

. e
19.1/yr 0.35/yr for S/N=10

event rate [/yr]

Cassini++++

'N=10

100

102 104 106 108

BH mass [Msun]

et
19.2/yr 29.8/yr for S/N=10
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Summary

LISA (ESA/NASA) B-DECIGO Kolkowitz +

= DECIGO (HZ%)

mHzm O.1Hz= 3mHz or 30mHz -10 0.1 mHz —1 Hz
Hz
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HNTVARVE Fabry-Perot +#5t KA FRFET TRIRELLE KR TFIFET TRZIELER
drag-free flight drag-free flight drag-free flight drag-freef~ &
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