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Proposal of new GW detection method, using the world-recording precise clocks in space,

and current-ready techniques.
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| aJapanese astronomer,
cartographer, and geodesist.
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& Cassini’s Doppler tracking (2001-2002) can be improved 3-order mag.
with current technologies

€ “INO-c”, “INO-d” : sensitivity curve, detectable distance D

&€ Event rate by hierarchical formation model of SMBH

&€ One satellite costs 50 billion yen (500{%M).
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1. Introduction : Optical Lattice Clock

“Optical Lattice Clock”

- 3
H. Katori (UPS Journal, 2002, p754) 2% o]
. Sx
trap atoms at standing laser wave g
5{-\7

read frequency of transient phase

%!
N

Cs atomic clock At/t=5x10-16
Optical Lattice Clock (2015) 10-18

L\

RFODEITRILF—
Ly

magic freq. compensates multi-polarization

OLC targets At/t=10-1°

nature

LETTERS

PUBLISHED ONLINE: 15 AUGUST 2016 | DOI: 10.1038/NPHOTON.2016.159 p Otomcs

Geopotential measurements with synchronously
linked optical lattice clocks

Tetsushi Takano'? Masao Takamoto?*#, Ichiro Ushijima*>*, Noriaki Ohmae'* Tomoya Akatsuka®>*,
Atsushi Yamaguchi234, Yuki Kuroishis', Hiroshi Munekanes, Basara Miyahara®
and Hidetoshi Katori'234*

grav. potential of 15m difference
relativistically measured =+ 5cm (1cm on the Earth At/t= 1.1 x10-18)

V' 30-km-long telecom fibre ] Y




1. Introduction

Gravitational Wave Detectors and Sources
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background
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http://rhcole.com/apps/GWplotter/



1. Introduction : Existing plans for space GW observatories

LISA (ESA/NASA) B-DECIGO = DECIGO (Japan) TianQin X% (China)

Laser Interferometer Space Anntena Deci-hertz Interferometer GW Observatory

mHz range 0.1Hz range 0.1 - 100 mHz range

2030 launch proposed 2025-2030

3 satellites at L4 of Sun-Earth around earth 2000km 3 sattelites = Sun orbit 3 satellites around the Earth
2.50 x 10% km 100 km = 1000 km 105 km

robust to acceleration noise
light transponder Fabry-Perot interferometer Fabry-Perot interferometer

robust to shot-noises

drag-free flight drag-free flight drag-free flight
Doppler tracking with Laser beam same as ground interferometer same as ground interferometer
1702.00786 CQG 28 (2011) 094011 CQG 33 (2016) 035010

-

Ecliptic

RX J0806.3+1527
Celestial equator

FSwd o) -2


https://iopscience.iop.org/article/10.1088/0264-9381/28/9/094011/meta

1. Introduction : Existing plans for space GW observatories

Table 1. A Compilation of GW Mission Proposals

Ni, arXiv:1610.01148

Acceleration |laser metro-
Mission Concept S/C Configuration Arm length [Orbit Period| S/C # noise logy noise
[fm/s*/Hz'?] | [pm/Hz'"?
Solar-Orbit GW Mission Proposals
LISA’ Earth-like solar orbits with 20° lag 5 Gm | year 3 3 20
eLISA? Earth-like solar orbits with 10° lag | Gm | year 3 3 12 (10)
ASTROD-GW?*** Near Sun-Earth L3, L4, LS5 points 260 Gm | year 3 3 1000
Big Bang Observer"’ Earth-like solar orbits 0.05 Gm | year 12 0.03 14 x 107
DECIGO™ Earth-like solar orbits 0.001 Gm | year 12 0.0004 2x10°
ALIAY Earth-like solar orbits 0.5 Gm | year 3 0.3 0.6
TAUI (ALIA-descope)*™ Earth-like solar orbits 3 Gm | year 3 3 5-8
y Near Sun-Jupiter L3, L4, L5 points (3
Super-ASTROD*? S/C). Jupiter-ﬁke solar orbit(s)‘z(;-2 $/C) 1300 Gm 1 year |4orS5 3 5000
Earth-Orbit GW Mission Proposals
OMEGA* % 0.6 Gm height orbit | Gm 53.2 days 6 3 5
o LISA/GEOGRAWI*"?! Geostationary orbit 0073 Gm | 24 hours 3 3,30 0.3, 10
GADFLI* Geostationary orbit 0073 Gm | 24 hours 3 0.3,3,30 |
TIANQIN™ 0.057 Gm height orbit 0.11 Gm 44 hours 3 I I
ASTROD-EM* Near Earth-Moon L3, L4, L5 points 0.66 Gm 27.3 days 3 I I
LAGRANGE™ Earth-Moon L3, L4, LS points 0.66 Gm | 27.3 days 3 3 5

ASTROD=Astrodynamical Space Test of Relativity using Optical Devices




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 10716 ~8X atomic clock
Ground electronics currently ~ 2 x 1016 ~ 2X
SZ= &
Tropospheric scintillation currently ~ 10~!® under favorable conditions ~ 10X troposphere (i q” "')
Plasma scintillation Cassini-class radio system probably adequate for ~ 1X plasma
calibration to ~ 10~16 o
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)

Cassini 2001-2002 (Armstrong, LRR 2006)

-13

hc(f)

|Og1o(hc(f))
—-14 -13.5

—-14.5

'3x10-15

-15

L L | L s L L | L

Armstrong et al. ApJ, 599, 806 (2003)

10%Hz

log,,(frequency, Hz)

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
Ground electronics
Tropospheric scintillation
Plasma scintillation

Spacecraft motion
Antenna mechanical

currently FTS + distribution ~ 8 x 10716
currently ~ 2 x 1016
currently ~ 10715 under favorable conditions

Cassini-class radio system probably adequate for
calibration to ~ 10~16

currently ~ 2 x 1016

currently ~ 2 x 10715 under favorable conditions

~8X atomic clock
= 2X N =
~10x troposphere (XiiEE) P in space

~1X plasma

~ox radiation pressure of Sun
~20X control technology




2. Improvement of Doppler sensitivity (2)

Y » monitor the time by Opt Lattice Clocks

in 3 satellites need to make it portable

N
|
| @_@ - longer baseline is better to track Doppler shift
| » fuel, power
|
|
“

/ » L1, L4, L5 of Sun-Earth orbit
s L1=unstable point
L4, L5 = stable point

L5

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 10716 ~8X atomic clock > Opt. Lattice Clock
Ground electronics currently ~ 2 x 1016 ~ 2X

m X ]
Tropospheric scintillation currently ~ 10~!® under favorable conditions ~ 10X troposphere (i q”"') > In Space
Plasma scintillation Cassini-class radio system probably adequate for ~ 1X plasma

calibration to ~ 10~16 o

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

11
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2. Improvement of Doppler sensitivity (3)

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

» If light transmission,

no effects from plasma. EE DA > 107km

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
Ground electronics
Tropospheric scintillation
Plasma scintillation

Spacecraft motion
Antenna mechanical

currently FTS + distribution ~ 8 x 10716
currently ~ 2 x 1016
currently ~ 10715 under favorable conditions

Cassini-class radio system probably adequate for
calibration to ~ 10~16

currently ~ 2 x 10716

currently ~ 2 x 10715 under favorable conditions

~8X atomic clock p Opt. Lattice Clock

~ 2X )
_ox troposphere P in space
~1X plasma P light transmission

~ox Fad. pressure
~ 20X control technology
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Improvement of Doppler sensitivity (4)

required level

relative to Cassini-era performance.

h=10-17=0.7mm=2x10-8m/s

rad. press. F=P/c
P=1.3 kW/m?
AP/P =

acceleration
a=5x10-8 m/s2
Aa/a =1
< 10-12

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

Ag/g = 10-12

1/1000

0-11

1000 kg, 10 m2
10cm 12kW wireless

Noise source

Comment (o, at 7 = 1000 s)

Required

improvement

Frequency standard
Ground electronics
Tropospheric scintillation
Plasma scintillation

Spacecraft motion
Antenna mechanical

currently FTS + distribution ~ 8 x 10716
currently ~ 2 x 1016
currently ~ 10715 under favorable conditions

Cassini-class radio system probably adequate for
calibration to ~ 10~16

currently ~ 2 x 10716

currently ~ 2 x 10715 under favorable conditions

~8X atomic clock p Opt. Lattice Clock

~ 2X
~ 10x troposphere

~1X plasma P light transmission

_ox rad. pressure P solar panel parasol
~ 20X control technology

P in space

» no drag-free
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Improvement of Doppler sensitivity (5)

With current technologies, we can obtain 3-order less than Cassini !

Characteristic Strain - frequency
I | | I

F Cassini
-15
< 10
N~——~
S
2!
% 10-17
. 10-19 oo \
~ . . R \
10 10L7 | | 10‘-4 0.1 | | 1(50
10-7 10-4 10-1 102

frequency [HZ]

< —

sensitivity f-1 sensitivity f2/3+10-18
satellite control perturbation Opt. Lattice Clock limitation



INO: Interplanetary Network of Optical Lattice Clocks

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.) GW research exchange meeting, June 14, 2019
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INO: Interplanetary Network of Optical Lattice Clocks

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.

Hisaaki Shinkai (Osaka Inst. Tech.) GW research exchange meeting, June 14, 2019
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INO: Interplanetary Network of Optical Lattice Clocks 17
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).

&

&

Hisaaki Shinkai (Osaka Inst. Tech.) GW research exchange meeting, June 14, 2019



INO: Interplanetary Network of Optical Lattice Clocks 18

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.) GW research exchange meeting, June 14, 2019
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Improvement of Doppler sensitivity (5)

With current technologies, we can obtain 3-order less than Cassini !

Characteristic Strain - frequency
I | | I

F Cassini
-15
< 10
N~——~
S
2!
% 10-17
. 10-19 oo \
~ . . R \
10 10L7 | | 10‘-4 0.1 | | 1(50
10-7 10-4 10-1 102

frequency [HZ]

< —

sensitivity f-1 sensitivity f2/3+10-18
satellite control perturbation Opt. Lattice Clock limitation



INO: Interplanetary Network of Optical Lattice Clocks

3. GW obs. using Optical Lattice Clocks : target sources

hC(f)

hin (f) =/ S (f),

10-15

10-17

10-19

10-21

10718

10719

10-17

= P
‘\‘ s\x %4 . 4 J
1019 <7 1102+102
1072 10L7 10L4 0.1 | | 100
10-7 104 10-1 102

Hisaaki Shinkai (Osaka Inst. Tech.)

equal-mass Binary BH inspiral at 1Gpc
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Characteristic Strain - frequency
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\ -
\

\

\

frequency [HZz]

GW research exchange meeting, June 14, 2019

104+104°

I L I O

tot

10M
10°2M
10"3M
10°4M
10"5M
10"6M
10A7M
10"8M
10°9M
10*MO0M
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INO: Interplanetary Network of Optical Lattice Clocks

3. GW obs. using Optical Lattice Clocks : target sources

=
< 10-s
= 1017
A
~  10-19
|
S 10-21
<
=

10718 =5

10719

unequal-mass Binary BH inspiral at 1Gpc
mass ratio g=0.1

Characteristic Strain - frequency
I | | I

== l106+105 *

\
.

v

\, .
o i _ 104+103
L O w Lo
~‘ ’0‘ "\/' “
k “\\ '.’,“ ’\'w
\’\. \", ,"x' \
1079 10L7 | | 10L4 0.1 | | 100
10-7 10-4 10-1 102

Hisaaki Shinkai (Osaka Inst. Tech.)

frequency [HZz]

GW research exchange meeting, June 14, 2019

KT L B O

tot

10M+M
10°2M+10M
10~3M+10°2M
10°4M+10°3M
10°5M+107M
10°6M+10°5M
10A7M+1076M
10°8M+10°7M
10°9M+10°8M

21

10*10M+109M



INO: Interplanetary Network of Optical Lattice Clocks

22
3. GW obs. using Optical Lattice Clocks : target sources
unequal-mass Binary BH inspiral at 1Gpc
mass ratio g=0.01
Characteristic Strain - frequency _
10718 ¢ “'\‘ ]
2
\6 ~
= 10-15 0" i 1
a “0‘ : ‘,“ ’\,',"‘ .
x 1 0_ 19 o19- \3,’\‘ ““‘.x‘\,\”ﬁ/ “\ 102+1
|| “\g \\ ”g.\‘g/
< 1021 o RN L / e 10M+0.1M
A N R O sl 102M+M
< B-DECIGO g2 e o 10°3M+10M
05 o o1 | | 100 —— 107M+10°2M
_7 4 1 2 —— 10°5M+1043M
10 10 10 10 o 10°6M+10%4M
frequency [Hz] o 10T7M10°5M
10°8M-+1076M
B 4 —— 10°9M+10°7M
] day—8.6x1 04s 5 10"O0M+108M

1 month=2.6x106s

Hisaaki Shinkai (Osaka Inst. Tech.)

GW research exchange meeting, June 14, 2019



INO: Interplanetary Network of Optical Lattice Clocks

3. GW obs. using Optical Lattice Clocks : detectable distance

S/N=10

i Inspiral Range [Mpc] - Chirp mass [Msolar] (SNR=10) Z
g 10 g x ‘ T T T x : \ g 96
z ot INO" | -l 4
O |
Qo : 021
m ]
o) - |
% 00| IO 10.024
o Ino-a |
= 10.002
s :
3 |
et E
) ,
U 0.1 | | | L 1 L 1

102 104 106 108
chirp mass M_c [Msun]

Hisaaki Shinkai (Osaka Inst. Tech.) GW research exchange meeting, June 14, 2019



INO: Interplanetary Network of Optical Lattice Clocks

3. GW obs. using Optical Lattice Clocks : detectable distance

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

s ° | | | | | | | 9.6
Q ? |
= o 14
O E f
CCD 1000} INO 410.21
2 |
% 100 10.024
() _ E
2 INO-b 10.002
© i .
L ; Ino-a
8 e ;
) i _
) assini
U 0.1 | | | L 1 L 1

100 10 106 108

102 104 106 108

chirp mass M_c [Msun]

Hisaaki Shinkai (Osaka Inst. Tech.) GW research exchange meeting, June 14, 2019
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INO: Interplanetary Network of Optical Lattice Clocks 25

3. GW obs. using Optical Lattice Clocks : detectable distance q=0.2

mass ratio gq=0.2 INO-c LISA 1702.00786
B. 1055 | | Inspiral Re:nge [Mpc] — Chirp ma?s [Msolar] | | 20 ———r———r— ] 220
§ 7 | 200
= 16 180
§ 14 160
1000}
% 12 140
T % 10 120
2 100 ~
QO 101 8
4‘3 80
§ 1F : 60
_8 : 4 40
01 160 ‘ 1(;4 ‘ 1(;6 ‘ 168 2 <0

chirp mass M_c [Msun]

1100

| INO-c
[ > is better than LISA

fo- 60
M 40
| 1o
1

10 10° 10’

Hisaaki Shinkai (Osaka Inst. Tech.) GW research exchange meeting, June 14, 2019



INO: Interplanetary Network of Optical Lattice Clocks 26

3. GW obs. using Optical Lattice Clocks : detectable distance q=0.2

mass ratio q=0.2 INO-c LISA  1702.00786

Inspiral Range [Mpc] - Chirp mass [Msolar]

T T

10° ¢ y

1041
1000 |-

100?

-
o
T T

—_
T —TTT

detectable distance [Mpc]

IS4
=

| | | | |
100 104 108 108

chirp mass M_c [Msun]

M (M)

1100
INO-c

% is better than LISA
160

140

106 108

’ 100 104 -
10" 102 10° 10* 10° 10 107 10° 10
Hisaaki Shinkai (Osaka Inst. Tech.) GW research exchange meeting, June 14, 2019



4. SMBH formation model : IMBHS’ hierarchical mergers

GAS
CLOUD ™ formakion >

Rees, M.J. 1978. Observatory 98: 210

‘new stars’
form

DENSE STAR
CLUSTER

CLUSTER OF
> cidsinc™ 2 100 M, STARS

f

supernovae
contraction * +
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of stars NEUTRON STARS
/[ OR STELLAR-MASS
BLACK HOLES
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STAR one black / +
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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?

Hs
360M ¢
n(M) | 7<3
Mgalaxy 12
IMBHs 10
l 102 — 104M@ 10.000 |-
N 10° M
SMBHs
310°M¢ w ‘ ‘ .

BH mass

Event Rates at bKAGRA

(QNM, S/N=10)

SNR = 10, KAGRA, spin parameter averaged
100

peak at 60OM
10}

200 events/yr

frequency[Hz|

Event Rate [1/yr]

500 1000

50 100

BH mass (final BH) [Mg)]

range 40M-150M

104




How many BHs in a Galaxy?

Mass Function of Giant Molecular Clouds
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The Formation and Destruction of Molecular Clouds and Galactic
Star Formation

An Origin for The Cloud Mass Function and Star Formation Efficiency

Shu-ichiro Inutsukal, Tsuyoshi Inoue,?, Kazunari Iwasaki®*3, and Takashi Hosokawa®*

A&A 580, A49 (2015) [arXiv:1505.04690]

29



How many BHs in a Galaxy?
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How many BHs in a Galaxy?

Hierarchical growth model Count BHS to form a SMBH

n(M)
10° M_l
100, \
01/
1074
107
10 1000 108 107 109 1071

Building Block BH

n(M)
5 Galaxy Mass
10° |
10*2 M
10.000 |
0.001} 109M@
1077 |
" 10 100 1000 104
BH mass
31



How many BHs in a Galaxy?

Hierarchical growth model Count BHS to form a SMBH

dynamical friction
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How many Galaxies in the Universe?

Count BHs to form a SMBH

Msvpr = 2 X 107*Mgalaxy
(sub-)Galaxy = 1073 Mpyge

from Halo model

Mon. Not. R. Astron. Soc. 371, 1173-1187 (2006) doi:10 \

The non-parametric model for linking galaxy luminosity Sta r F O r m a ti 0 n R ate

with halo/subhalo mass
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How many Galaxies in the Universe?
(1) Halo number density (3) N of Galaxy
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How many BH mergers in the Universe?

in Standard Cosmology

Nmerger(z)
V(D/2.26)

Event Rate R|/yr| =

Standard Cosmology

averaging distances
for all directions

BH mass




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?

Hs
360M ¢
n(M) | 7<3
Mgalaxy 12
IMBHs 10
l 102 — 104M@ 10.000 |-
N 10° M
SMBHs
310°M¢ w ‘ ‘ .

BH mass

Event Rates at bKAGRA

(QNM, S/N=10)

SNR = 10, KAGRA, spin parameter averaged
100

peak at 60OM
10}

200 events/yr

frequency[Hz|

Event Rate [1/yr]

500 1000

50 100

BH mass (final BH) [Mg)]

range 40M-150M

104




Cumulative BBH merger rate (= Mgy) [Gpc'3 yr'1]

Event Rates at bKAGRA/aLIGO
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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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How many BH mergers in the Universe?
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4. SMBH formation model : IMBHS’ hierarchical mergers
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Event Rate [/year] (z<b)

S/N=100
BH mass [Msun] BH mass [Msun] BH mass [Msun]
i
S/N=10 520/year S/N=10 18000/year 19.2/yr 29.8/yr
(range: 550M-3.8x105M) (range: 10M-7.9x104M) S/N=10
S/N=30 6/year S/N=30 4300/year

(range: 5.5x103M-3.3x104M) (range: 10M-3.3x10%M)
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4. SMBH formation model : IMBHS’ hierarchical mergers

Event Rate
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INO: Interplanetary Network of Optical Lattice Clocks 43

Summary
LISA (ESA/NASA) B-DECIGO TianQin X% (China)
= DECIGO (Japan)
mHz range 0.1Hz range 0.1 - 100 mHz range 0.1 mHz —1 Hz
3 satellites at L4 of Sun-Earth around earth 2000km 3 3 satellites around the Earth Sun-Earth L1-L4-L5

sattelites = Sun orbit

2.50 x 10° km 100 km = 1000 km 105 km 1 AU

light or radio link

light transponder Fabry-Perot interferometer Fabry-Perot interferometer monitor time w Opt Lattice
Clocks

drag-free flight drag-free flight drag-free flight no drag-free

Doppler tracking with Laser = same as ground Doppler tracking

beam interferometer

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
"INO-c”, some range is better than LISA sensitivity
"INO-c”, stellar-mass BH merger prediction 20 events/yr
"INO-d”, + IMBH inspiral 30 events/yr

Hisaaki Shinkai (Osaka Inst. Tech.) GW research exchange meeting, June 14, 2019
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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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Kolkowitz +
PRD94(2016)124043
3mHz or 30 mHz -10Hz

5x107 km or bx106 km
2 satellites, laser link

compare freq. w Opt Lattice
Clock

drag-free flight
Doppler shift with Laser beam

drag-free flight
vs. photoelectric charge by
cosmic ray

see also
Loeb, Maoz, 1501.00996
Vutha, New J. Phys. 17, 063030



3. Previous proposals (Su+ 2018)

DOCS=Double Optical Clocks in Space
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Su, Wang, Wang, Philippe
CQG35 (2018) 05010
0.1 mHz -10 mHz

Earth-Moon Lagrange its

2 satellites, laser link
compare freq. w Opt Lattice
Clock

drag-free flight

at Lagrange points of Earth-Moon orbit, link them with the Earth by radio
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