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1. Introduction : Optical Lattice Clock
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1. Introduction

Gravitational Wave Detectors and Sources
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1. Introduction : Existing plans for space GW observatories

LISA (ESA/NASA) B-DECIGO = DECIGO (Japan)

Laser Interferometer Space Anntena Deci-hertz Interferometer GW Observatory
mMHz range 0.1Hz range

2030 launch proposed

3 satellites at L4 of Sun-Earth around earth 2000km 3 sattelites = Sun orbit
2.50 x 10° km 100 km = 1000 km

robust to acceleration noise
light transponder Fabry-Perot interferometer
robust to shot-noises
drag-free flight drag-free flight

Doppler tracking with Laser beam same as ground interferometer
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2. Doppler tracking of Cassini Saturn Explorer

Cassini 2001-2002 (Armstrong, LRR 2006)
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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 source Comment (o, at 7 = 1000 s) Required
improvement

Frequency standard currently FTS + distribution ~ 8 x 10716 ~8X atomic clock
Ground electronics currently ~ 2 x 1016 ~ 2X
Tropospheric scintillation currently ~ 10~!® under favorable conditions ~ 10X troposphere
Plasma scintillation Cassini-class radio system probably adequate for ~ 1X plasma

calibration to ~ 10~16
Spacecraft motion currently ~ 2 x 1016 ~ 2X radiation pressure of Sun

Antenna mechanical currently ~ 2 x 10715 under favorable conditions ~20X control tech n0|Ogy
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2. Improvement of Doppler sensitivity (1)

p» monitor the time by Opt Lattice Clocks

in 3 satellites need to make it portable

If radio transmission,
use two frequency ranges (double tracking)
to check phase differences due to interplanetary plasma

» If light transmission,

no effects from plasma. need R&D

1 AU baseline p» 10-5Hz

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

Noise source Comment (o, at 7 = 1000 s) Required
improvement
Frequency standard currently FTS + distribution ~ 8 x 1016 ~8X atomic clock > Opt. Lattice Clock
Ground electronics currently ~ 2 x 1016 ~ 2X )
Tropospheric scintillation currently ~ 10~!® under favorable conditions ~ 10X troposphere > In space
Plasma, scintillation Cassini-class radio system probably adequate for ~ 1X plasma > light transmission
calibration to ~ 10~16
Spacecraft motion currently ~ 2 x 1016 ~ 2X rad. pressure > solar panel parasol

Antenna mechanical currently ~ 2 x 10~!° under favorable conditions ~ 20X control tech n0|Ogy
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2. Improvement of Doppler sensitivity (2)

rad. press. F=P/c
P=1.3 kW/m?2
1000 kg, 10 m=

acceleration
a=5x10-8 m/s2
AP/P =1/1000
Aa/a = 10-11

p solar panel parasol
1 AU baseline 10-5Hz Ag/g = 10-12

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

Noise source Comment (o, at 7 = 1000 s) Required
improvement

Frequency standard currently FTS + distribution ~ 8 x 1016 ~ 8X atomic clock > Opt Lattice Clock
Ground electronics currently ~ 2 x 1016 ~ 2X
Tropospheric scintillation currently ~ 10~!® under favorable conditions ~ 10X tro posphere
Plasma scintillation Cassini-class radio system probably adequate for ~ 1X plasma

calibration to ~ 10~16
Spacecraft motion currently ~ 2 x 1016 ~ 2X rad. pressure » solar panel parasol

Antenna mechanical currently ~ 2 x 10715 under favorable conditions ~ 20X control tech nology
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2. Improvement of Doppler sensitivity (3)

With current technologies, we can obtain 3-order less than Cassini !
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3. Previous proposals (Kolkowitz+ 2016)

PHYSICAL REVIEW D 94, 124043 (2016)

Gravitational wave detection with optical lattice atomic clocks

S. Kolkowitz,"" I. Pikovski,> N. Langellier,” M. D. Lukin,” R. L. Walsworth,>* and J. Ye"'
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3. Principle of GW detection

@ 1. Each satellite has Opt Lattice Clock,
send out each time to others.

2. Each satellite recognizes
direction - distance - velocity
of others, and we know all of them.

i

&

Hisaaki Shinkai (Osaka Inst. Tech.) 2018/07/03 Marcel Grossmann 15 @ Rome
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3. Principle of GW detection

Hisaaki Shinkai (Osaka Inst. Tech.)

1. Each satellite has Opt Lattice Clock,
send out each time to others.

2. Each satellite recognizes
direction - distance - velocity
of others, and we know all of them.

2018/07/03 Marcel Grossmann 15 @ Rome
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3. Principle of GW detection

@ 1. Each satellite has Opt Lattice Clock,
send out each time to others.

2. Each satellite recognizes
direction - distance - velocity
of others, and we know all of them
(including the potentioal of the Sun.)
Note: effects of planets are O(month).

&

&
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3. Principle of GW detection

@ 1. Each satellite has Opt Lattice Clock,
send out each time to others.

2. Each satellite recognizes
direction - distance - velocity
of others, and we know all of them
(including the potentioal of the Sun.)
Note: effects of planets are O(month).

3. When GW passes, we know its

differences.
@ If the events are ~10s (/yr),

then we can calibrate them well.

&

Hisaaki Shinkai (Osaka Inst. Tech.) 2018/07/03 Marcel Grossmann 15 @ Rome
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2. Improvement of Doppler sensitivity (3)

With current technologies, we can obtain 3-order less than Cassini !
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3. GW obs. using Optical Lattice Clocks : target sources
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3. GW obs. using Optical Lattice Clocks : target sources
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3. GW obs. using Optical Lattice Clocks : target sources
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3. GW obs. using Optical Lattice Clocks : detectable distance
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3. GW obs. using Optical Lattice Clocks : detectable distance

S/N=100
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3. GW obs. using Optical Lattice Clocks : detectable distance q=0.2
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3. GW obs. using Optical Lattice Clocks : detectable distance q=0.2

mass ratio g=0.2 Cassini++++
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4. SMBH formation model : IMBHSs’ hierarchical mergers
HS, Kanda, Ebisuzaki, ApJ, 835 (2017) 276 [arXiv:1610.09505]

How many BHs in a Galaxy? @ How many Galaxies in the Universe?
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4. SMBH formation model : IMBHSs’ hierarchical mergers

How many BHs in a Galaxy?

How many Galaxies in the Universe?
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4. SMBH formation model : IMBHS’ hierarchical mergers

Event Rate
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Summary
LISA (ESA/NASA) B-DECIGO Kolkowitz + Our Proposal
= DECIGO (Japan)
mHz range 0.1Hz range 3mHz or 30 mHz -10Hz 0.1 mHz —1 Hz
3 satellites at L4 of Sun-Earth around earth 2000km 3 2 satellites Sun-Earth L1-L4-L5
sattelites = Sun orbit
2.50 x 10° km 100 km = 1000 km 5x107 km or 5x106 km 1 AU
laser link light or radio link
light transponder Fabry-Perot interferometer compare freq. w Opt monitor time w Opt Lattice
Lattice Clock Clocks
drag-free flight drag-free flight drag-free flight no drag-free
Doppler tracking with Laser = same as ground Doppler shift with Laser Doppler tracking
beam interferometer beam
robust to accel. noise robust to shot-noise available at current tech

AN

Cassini’s Doppler tracking (2001-2002) can be improved 3-order mag.
with current technologies

Opt Lattice Clocks, 3 satellites in space, Solar panel parasol
"Cassini+++", some range is better than LISA sensitivity
"Cassini+++", stellar-mass BH merger prediction 20 events/yr
"Cassini++++", + IMBH inspiral 30 events/yr

Hisaaki Shinkai (Osaka Inst. Tech.) 2018/07/03 Marcel Grossmann 15 @ Rome



backup



[RFIGET 2 FEZER CHEY DETE

The Space-Time Explorer and QUantum Equivalence Principle Space Test (STE-QUEST)
ESA, 20245F+T65 LIFFE. #EKEARIEEIIC)LE Y T ARMERFTHET. FMEREBRER E.

Primary Atomic Reference Clock in Space (PARCS)
NASAH2008F Ic L I ARFIEESTZISSICEH UL S EETEULIZH DA, BushDEZKVision for Space

Exploration (VSE) (CKXDHIIE,

Galileo Global Navigation Satellite System
European GNSS Agency &ESAD2019FERBEIELT, BELTWSI—AOvV/\FEDIEFEEGPS. BEEE, K

KA —EIILEI T ARFRZED.

Atomic Clock Ensemble in Space (ACES)
ESAIC K BEHE, ISSIC, YU AREFEET(PHARAO) EKEX—H—(SHM) D2 DDEFHETZHREIT DHD.

2018F ICHADHTVIC KL > TH B LIFFE.

Deep Space Atomic Clock (DSAC)
NASA JPLAEHEIT %, KA AVEFRAEZHAWT, FET—VaVORBEZSOH LS & T DEHAE.

20184, SpaceX Falcon THEKERIFEICFTS EIFFE.

YAgF It 2 FEHZER(CHE T SETE

space optical clock mission (SOC)
ESA. ISSICHRFRETZHE LT, MWKENFRARE, KBHEN, FHREBERAZHEZSDETHHD.

2010FEHBRY— bk, 10FR (H59<7?) ICISSESHZHIET.



