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Outline & Summary

The new technique of measuring frequency by optical lattice clocks now approaches to the relative precision of (Af/f)=0(10718).
We propose to place such precise clocks in space and to use Doppler tracking method for detecting low-frequency gravitational wave below 1 Hz.

Our idea is to locate three satellites at one A.U. distance (say at L1, L4 & L5 of the Sun-Earth orbit), and apply the Doppler tracking method by
communicating “the time” each other. Applying the current available technologies, we obtain the sensitivity for gravitational wave with three or
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four-order improvement (hn ~ 1017 or 10718 |level in 10 Hz -- 1 Hz) than that of Cassini satellite in 2001.

This sensitivity enables us to observe black-hole mergers of their mass greater than 10> Msun in the cosmological scale.

INO: Interplanetary Network of Optical Lattice Clocks

GBLZHFEFN), TPHES] (JAXA)

\

FEEBEY 1% 200 £F

Based on the hierarchical growth model of black-holes in galaxies, we estimate the event rate of detection will be 20-50 a year.

We nickname "INO" , named after Tadataka Ino (1745--1818), a Japanese astronomer, cartographer, and geodesist.

1. Introduction : Optical Lattice Clock

“Optical Lattice Clock”
H. Katori (JPS Journal, 2002, p754)
trap atoms at standing laser wave
read frequency of transient phase
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1.

GW detector using Optical Lattice Clocks in Space
3. Principle of GW detection

D

send out each time to others.

2. Each satellite recognizes
direction - distance - velocity

1. Each satellite has Opt Lattice Clock,

of others, and we know all of them
(including the potentioal of the Sun.)

(1cmonthe Earth At/t= 1.1 x10-18)

Note: effects of planets are O(month).

3. When GW passes, we know its

differences.
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If the events are ~10s (/yr),
then we can calibrate them well.
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Improvement of Doppler-tracking sensitivity

2. Doppler tracking of Cassini Saturn Explorer

Cassini 2001-2002 (Armstrong, LRR 2006)

Armstrong et al. ApJ, 599, 806 (2003)
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Cassini (1997-2017)

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 10~'¢ ~8X  atomic clock
Ground electronics currently ~ 2 x 10~16 ~ 2X
Tropospherie scintillation  currently ~ 10~'% under favorable conditions ~ 10X tmpnsphere
Plasma scintillation Cassini-class radio system probably adequate for =~ 1X plEI sSsma

calibration to ~ 1018 o
Spacecraft motion currently ~ 2 x 10716 ~ 32X radiation pressure of Sun
Antenna mechanical currently ~ 2 x 10~'5 under favorable conditions ~ 20X control tech nD'UgV

2. Improvement of Doppler sensitivity (2)

rad. press. F=P/c
P=1.3 kW/mz2
1000 kg, 10 mz2

acceleration
a=5x10-8 m/s2
AP/P = 1/1000
Aa/a = 10-11
p solar panel parasol
Ag/g = 10-12

1 AU baseline » 10-5Hz

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

Comment (o, at 7 = 1000 s) Required

improvement
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p Opt. Lattice Clock

Frequency standard currently FTS + distribution ~ 8 x 10718 ~8X atomic clock
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Hierarchical growth model of SMBH

How many BHs in a Galaxy? How many BH mergers in the Universe?
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BH mass [Msun]
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S/N=10 520/year

(range: 550M-3.8x105M)
S/N=30 6/year

(range: 5.5x103M-3.3x104M)

mass ratio g=0.2

2. Improvement of Doppler sensitivity (1)

p monitor the time by Opt Lattice Clocks

» If light transmission,

/s
ey no effects from plasma. need R&D

Ls

............ T, A4
Qf\ in 3 satellites
|\
A If radio transmission,
° | L @').@ - use two frequency ranges (double tracking)
| / to check phase differences due to interplanetary plasma

1 AU baseline » 10-5Hz

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

Comment (o, at 7 = 1000 s) Required

improvement

Noise source

p Opt. Lattice Clock

currently FTS + distribution ~ 8 x 10~16
currently ~ 2 x 1016

Frequency standard ex atomic dDCk
o~ 23X

currently ~ 10~'% under favorable conditions ~ 10X troposphere
Cassini-class radio system probably adequate for =~ 1X pla sma
calibration to ~ 10~16

Ground electronics >
INn space

P light transmission

currently = 2 x 1016 _ox rad. pressure P solar panel parasol
currently =~ 2 x 107'% under favorable conditions =~ 20X control technology

Tropospheric scintillation
Plasma scintillation

Spacecraft motion
Antenna mechanical

2. Improvement of Doppler sensitivity (3)
With current technologies, we can obtain 3-order less than Cassini !

Characteristic Strain - frequency
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sensitivity f2/3+10-18
Opt. Lattice Clock limitation

sensitivity f-1
satellite control perturbation
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19.2/yr 29.8/yr

S/N=10

BH mass [Msun]

S/N=10 18000/year
(range: 10M-7.9x104M)

S/N=30 4300/year
(range: 10M-3.3x104M)
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