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Background

• 2005~2009 Keio Univ. Ohashi lab. (study of GL theory) 

• 2009~2013 Tsubono lab. (squeezing)

• 2013~2014 Ando lab.  (radiation pressure)

• 2014~2015 JSPS Postdoc @ Ando lab. (job hunting)

• 2015~ Tohoku University (cooling, gravity sensor, job hunting)
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Quantum
・cooling
・quantum 
measurement

Gravity
・metrology(big G)

Non-equilibrium
・test of fluctuation 
theorem
・measurement of
Brown motion

High-Q pendulum (similar to GW detectors)
・make a good (silica) fiber
・high vacuum, optical trap, displacement measurement

Optimal control
・optimal cooling
・state estimation

Today’s talk
・quantum Newtonian 
interaction

・quantum-classical 
transition
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Brown motion

High-Q pendulum (similar to GW detectors)
・make a good (silica) fiber
・high vacuum, optical trap, displacement measurement

Optimal control
・optimal cooling
・state estimation

Today’s talk
・quantum Newtonian 
interaction

Off resonance

On resonance

・quantum-classical 
transition
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Outline
• Gravity experiments

What is special about gravity?

Is gravity classical or quantum?

Experimental approach so far

Our approach

If there’s time

• Test of non-equilibrium thermodynamics 

• What is fluctuation theorem?
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What is special about gravity?

↓

Is gravity classical or quantum?

↓

Experimental approach so far

↓

Our approach

https://member.ipmu.jp/yuji.tachikawa/transp/colloq.pdf
(Following is more suitable document) 

https://member.ipmu.jp/yuji.tachikawa/transp/colloq.pdf
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High energy limit

• (Classical) Einstein equation

→black hole

e.g., Schwarzschild radius: 
2𝐺𝑀

𝑐2
∼ 1 cm

6×1024 kg

𝑀

M: mass, G: Newton’s constant, c: speed of light
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High energy limit

• (Classical) Einstein equation

→black hole

e.g., Schwarzschild radius: 
2𝐺𝑀

𝑐2
∼ 1 cm

6×1024 kg

𝑀

M: mass, G: Newton’s constant, c: speed of light

• black hole uniqueness theorem

For 4-dimensional black hole, only mass, charge, and angular momentum 

are necessary to determine its state.

⇒𝑊 = 1,𝑊:number of states
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Laws of black hole thermodynamics

• First law

𝑑𝑀 =
𝜅

8𝜋𝐺
𝑑𝐴 +

𝛷

𝑐2
𝑑𝑄

Second law 
𝑑𝐴

𝑑𝑡
≥ 0

𝐴: the area of the event horizon,
𝛷: electrostatic potential, 𝑄: electric charge
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Laws of black hole thermodynamics

• First law

𝑑𝑀 =
𝜅

8𝜋𝐺
𝑑𝐴 +

𝛷

𝑐2
𝑑𝑄

⇩ Hawking radiation

𝑑𝐸 = 𝑇𝑑𝑆 + 𝛷𝑑𝑄

𝑇 =
ℏ

𝑘𝐵𝑐

𝜅

2𝜋
∼ 0.02 K

6 × 1024 kg

𝑀
, 𝑆 =

𝑘𝐵𝐴

4𝑙𝑝
2 → 1 bit

𝑀

10 𝜇g

Black hole seems to have entropy, which is not consistent with the (classical) 
prediction

(photons are considered under classical  gravity fields made by black hole)

Second law 
𝑑𝐴

𝑑𝑡
≥ 0

𝐴: the area of the event horizon,
𝛷: electrostatic potential, 𝑄: electric charge
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Information Paradox

• Gravity should be treated as quantum? But,…

• Black hole seems to have temperature because it radiates as a black body.

📕
Hawking radiation
(black body radiation)

BH

Book 
Information disappears?   
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Information Paradox

• Gravity should be treated as quantum? But,…

• Black hole seems to have temperature because it radiates as a black body.

📕
Hawking radiation
(black body radiation)

BH

Book 
Information disappears?   

⇒ Unitarity is broken? 
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What is special about gravity?

↓

Is gravity classical or quantum?

↓

Experimental approach so far

↓

Our approach
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• Low energy limit: 𝑔𝜇𝜈 = 𝜂𝜇𝜈 + ℎ𝜇𝜈

For 2-oscillators system interacting with gravity is 

𝐻 = ∑
𝑝𝑖
2

2𝑚
+
1

2
𝑚𝑣𝑖

2 −
𝐺𝑚2

𝑑 − 𝑥1 − 𝑥2

𝐻𝑖𝑛𝑡 = −ℏ𝜆𝑔
𝑥1
𝑥𝑧𝑝𝑓

𝑥2
𝑥𝑧𝑝𝑓

𝜆𝑔 =
𝐺𝑚2𝑥𝑧𝑝𝑓

2

ℏ𝑑3
=

𝐺𝑚

𝜔𝑑3
∼ 6 × 10−11 Hz

𝑚

1 mg

1 Hz

𝜔/2𝜋

1 mm

𝑑

3

⇩ Taylar expansion

(zeroth order⇒overall constant, first order⇒equilibrium position, 
part of second order⇒oscillator frequency)

This can be quantized, which includes graviton (GWs) and 
a longitudinal Newtonian component
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• Low energy limit: 𝑔𝜇𝜈 = 𝜂𝜇𝜈 + ℎ𝜇𝜈

For 2-oscillators system interacting with gravity is 

𝐻 = ∑
𝑝𝑖
2

2𝑚
+
1

2
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𝜔𝑑3
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𝑚

1 mg
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𝜔/2𝜋

1 mm

𝑑

3

This can be quantized, which includes graviton (GWs) and 
a longitudinal Newtonian component

⇩ Taylar expansion

(zeroth order⇒overall constant, first order⇒equilibrium position, 
part of second order⇒oscillator frequency)
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• Low energy limit: 𝑔𝜇𝜈 = 𝜂𝜇𝜈 + ℎ𝜇𝜈

For 2-oscillators system interacting with gravity is 

𝐻 = ∑
𝑝𝑖
2

2𝑚
+
1

2
𝑚𝜔2𝑥𝑖

2 −
𝐺𝑚2

𝑑 − 𝑥1 − 𝑥2

𝐻𝑖𝑛𝑡 = −ℏ𝜆𝑔
𝑥1
𝑥𝑧𝑝𝑓

𝑥2
𝑥𝑧𝑝𝑓

𝜆𝑔 =
𝐺𝑚2𝑥𝑧𝑝𝑓

2

ℏ𝑑3
=

𝐺𝑚

𝜔𝑑3
∼ 5 × 10−8 Hz

𝑚

5 mg

1 Hz

𝜔/2𝜋

1 mm

𝑑

3

⇩ Taylor expansion

(zeroth order⇒overall constant, first order⇒equilibrium position, 
part of second order⇒oscillator frequency)

This can be quantized, which includes graviton (GWs) and 
a longitudinal Newtonian component
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• Low energy limit: 𝑔𝜇𝜈 = 𝜂𝜇𝜈 + ℎ𝜇𝜈

For 2-oscillators system interacting with gravity is 

𝐻 = ∑
𝑝𝑖
2

2𝑚
+
1

2
𝑚𝑣𝑖

2 −
𝐺𝑚2

𝑑 − 𝑥1 − 𝑥2

𝐻𝑖𝑛𝑡 = −ℏ𝜆𝑔
𝑥1
𝑥𝑧𝑝𝑓

𝑥2
𝑥𝑧𝑝𝑓

𝜆𝑔 =
𝐺𝑚2𝑥𝑧𝑝𝑓

2

ℏ𝑑3
=

𝐺𝑚

𝜔𝑑3
∼ 5 × 10−8 Hz

𝑚

5 mg

1 Hz

𝜔/2𝜋

1 mm

𝑑

3

⇩ Taylor expansion

(zeroth order⇒overall constant, first order⇒equilibrium position, 
part of second order⇒oscillator frequency)

𝜆𝑔 >  𝑛𝑡ℎ𝛾 ∼ 4 × 10−8 Hz
300 𝐾

𝑇

1021

𝑄

Requirement to test the quantum Newtonian potential 

This can be quantized, which includes graviton (GWs) and 
a longitudinal Newtonian component
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• Newtonian interaction can be easily quantized under low energy limit

• Is it possible to test it?
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• Newtonian interaction can be easily quantized under low energy limit

• Is it possible to test it?

If possible, then experimentally

• Newtonian interaction is quantum

⇒gravity is quantum even in high energy scale?

• Not quantum

⇒suspicious result! Should be evaluated in many ways.
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What is special about gravity?

↓

Is gravity classical or quantum?

↓

Experimental approach so far

↓

Our approach
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• No experiments have been done.
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• No experiments have been done. But  recently some proposals have been made. 

arXiv:1901.05827 (2019)

 Spin systems (Stern-Gerlach
interferometers)

Matter interferometer

 Suspended mirror + FP cavity
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• Test of the quantum Newtonian interaction:

• 𝐻𝑖𝑛𝑡 = −ℏ𝜆𝑔
𝑥1

𝑥𝑧𝑝𝑓

𝑥2

𝑥𝑧𝑝𝑓

• One comment: 

Graviton (GWs)→true dofs

Newtonian →pure gauge (Newtonian term depends only on the matter 
dofs)

Is it interesting to probe Newtonian in quantum regime?
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• Test of the quantum Newtonian interaction:

• 𝐻𝑖𝑛𝑡 = −ℏ𝜆𝑔
𝑥1

𝑥𝑧𝑝𝑓

𝑥2
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• One comment: 

Graviton (GWs)⇒true dofs

Newtonian ⇒pure gauge (Newtonian term depends only on the matter dofs)

Is it interesting to probe Newtonian in quantum regime?
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• Test of the quantum Newtonian interaction:

• 𝐻𝑖𝑛𝑡 = −ℏ𝜆𝑔
𝑥1

𝑥𝑧𝑝𝑓

𝑥2

𝑥𝑧𝑝𝑓

• One comment: 

Graviton (GWs)→true dofs

Newtonian ⇒pure gauge (Newtonian term depends only on the matter dofs)

Is it interesting to probe Newtonian in quantum regime?

arXiv:1804.11315v2 [quant-ph] 13 Nov 2018



27/96

• Test of the quantum Newtonian interaction:

• 𝐻𝑖𝑛𝑡 = −ℏ𝜆𝑔
𝑥1

𝑥𝑧𝑝𝑓

𝑥2

𝑥𝑧𝑝𝑓

• One comment: 

Graviton (GWs)→true dofs

Newtonian ⇒pure gauge (Newtonian term depends only on the matter dofs)

Is it interesting to probe Newtonian in quantum regime?

arXiv:1804.11315v2 [quant-ph] 13 Nov 2018

Rejected
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• This comment was rejected from PRL because, 

Referee comment ⇒ how do you think?  
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 𝐻𝑖𝑛𝑡 = −ℏ𝜆𝑔
 𝑥1

𝑥𝑧𝑝𝑓

 𝑥2
𝑥𝑧𝑝𝑓

, or − ℏ𝜆𝑔
〈  𝑥1〉

𝑥𝑧𝑝𝑓

〈  𝑥2〉

𝑥𝑧𝑝𝑓

In my opinion, in short, it is possible to test
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What is special about gravity?

↓

Is gravity classical or quantum?

↓

Experimental approach so far

↓

Our approach
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𝐻𝑖𝑛𝑡 =  ℏ𝐺𝑖  𝑎𝑖  𝑋𝑖 − ℏ𝜆𝑔 𝑋1  𝑋2

 𝑎 ( 𝑏): amplitude (phase) quadrature of the cavity mode

𝐺: optomechanical coupling strength

𝑖 = 1 𝑜𝑟 2
 𝑋1  𝑋2 : normalized position operator
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• In the frequency domain, input-output relation for cavity 1 (similar for cavity 2)

 𝑎1
𝑜𝑢𝑡 𝜔 =  𝑎1

𝑖𝑛 𝜔

 𝑏1
𝑜𝑢𝑡 𝜔 =  𝑏1

𝑖𝑛 𝜔 +
2

𝜅
𝐺1  𝑋1(𝜔)

𝜅: cavity bandwidth
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• In the frequency domain, input-output relation for cavity 1 (similar for cavity 2)

 𝑎1
𝑜𝑢𝑡 𝜔 =  𝑎1

𝑖𝑛 𝜔

 𝑏1
𝑜𝑢𝑡 𝜔 =  𝑏1

𝑖𝑛 𝜔 +
2

𝜅
𝐺1  𝑋1(𝜔)

𝜅: cavity bandwidth

• The position of oscillator 1 (similar for oscillator 2)

 𝑋1 = 𝜒
𝜅

2
𝐺1  𝑎1

𝑖𝑛 − 𝜆𝑔  𝑋2 + 2 𝛾  𝑄1
𝑡ℎ

𝜒: mechanical susceptibility

𝛾: mechanical damping rate
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• In the frequency domain, total input-output relation

 𝑎1
𝑜𝑢𝑡

 𝑏1
𝑜𝑢𝑡

 𝑎2
𝑜𝑢𝑡

 𝑏2
𝑜𝑢𝑡

=

1 0 0 0

−
4𝐺1

2𝜒

𝛾
1 𝒢 0

1 0 1 0

𝒢 0 −
4𝐺2

2𝜒

𝛾
1

 𝑎1
𝑖𝑛

 𝑏1
𝑖𝑛

 𝑎2
𝑖𝑛

 𝑏2
𝑖𝑛

+

0 0

2
2𝛾

𝜅
𝐺1𝜒 2

2𝛾

𝜅
𝐺1𝜒

2𝜆𝑔

0 0

2
2𝛾

𝜅
𝐺2𝜒

2𝜆𝑔 2
2𝛾

𝜅
𝐺2𝜒

 𝑄1
𝑡ℎ

 𝑄2
𝑡ℎ

𝒢 ≡
4𝐺2𝜆𝑔𝜒

2

𝛾
→𝜔=𝜔𝑚

2𝐶
𝜆𝑔

𝛾𝑚
, 𝐶 ≡

2𝐺2

𝜅𝛾

𝑆𝑁𝑅 =
𝜏𝐶𝑄𝑚𝜆𝑔

2

2  𝑛𝑡ℎ + 1 𝜔𝑚

1/2

, 𝜏 ≥?
106

𝑄𝑚

2 g/cm3

𝜌

2
 𝑛𝑡ℎ/𝐶

0.4

𝜔𝑚/2𝜋

1 Hz

3
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• In the frequency domain, total input-output relation
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 𝑏2
𝑜𝑢𝑡

=

1 0 0 0

−
4𝐺1

2𝜒

𝛾
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2
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𝛾𝑚
, 𝐶 ≡

2𝐺2

𝜅𝛾

𝑆𝑁𝑅 =
𝜏𝐶𝑄𝑚𝜆𝑔

2

2  𝑛𝑡ℎ + 1 𝜔𝑚

1/2

, 𝜏 ≥?
106

𝑄𝑚

2 g/cm3

𝜌

2
 𝑛𝑡ℎ/𝐶

0.4

𝜔𝑚/2𝜋

1 Hz

3

  
−
𝜏
2

𝜏
2
𝑑𝑡𝑑𝑡′  𝑎1

𝑜𝑢𝑡 𝑡 ℱ 𝑡 − 𝑡′  𝑏2
𝑜𝑢𝑡(𝑡′) ,SNR =

𝜏𝐶𝑄𝑚𝜆𝑔2

2  𝑛𝑡ℎ + 1 𝜔𝑚

1/2
Cross correlation⇒to infer quantum correlation by gravity
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Only  mechanics ⇒𝜆𝑔 >  𝑛𝑡ℎ𝛾 ∼ 4 × 10−8 Hz
300 𝐾

𝑇

1021

𝑄

Optomechanics ⇒ 𝜆𝑔 >
 𝑛𝑡ℎ𝛾

𝐶𝜏

0.5
∼ 4 × 10−8 Hz

𝐶/  𝑛𝑡ℎ

200

108

𝑄

2 day

𝜏

𝜔𝑚 /2𝜋

1 Hz

0.5

Requirement to test the quantum Newtonian potential 
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Only  mechanics ⇒𝜆𝑔 >  𝑛𝑡ℎ𝛾 ∼ 4 × 10−8 Hz
300 𝐾

𝑇

1021

𝑄

Optomechanics ⇒ 𝜆𝑔 >
 𝑛𝑡ℎ𝛾

𝐶𝜏

0.5
∼ 4 × 10−8 Hz

𝐶/  𝑛𝑡ℎ

200

108

𝑄

2 day

𝜏

𝜔𝑚 /2𝜋

1 Hz

0.5

Requirement to test the quantum Newtonian potential 

𝜏 ∼ 2 𝑑𝑎𝑦
𝐶/ 𝑛𝑡ℎ
200

−1
𝜔𝑚/2𝜋

1 Hz

108

𝑄

2 g/cm3

𝜌

2

Gold mirror（~20 g/cm^3）、resonance of 100 Hz is more suitable
Coating on gold is possible？
（structure damping、optical spring）

𝐶

 𝑛𝑡ℎ
∼ 200

5 mg

𝑚

2 kW

𝑃𝑐

Finesse

10000

300 K

𝑇
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• What is 
𝐶

𝑛𝑡ℎ
?
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• What is 
𝐶

𝑛𝑡ℎ
?

GW detector    ⇒ it is (radiation pressure noise) / (thermal noise)
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• What is 
𝐶

𝑛𝑡ℎ
?

GW detector    ⇒ it is (radiation pressure noise) / (thermal noise)

Active cooling  ⇒
𝐶

 𝑛𝑡ℎ
> 1⇔measurement rate > decoherence rate
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• What is 
𝐶

𝑛𝑡ℎ
?

GW detector    ⇒ it is (radiation pressure noise) / (thermal noise)

Active cooling  ⇒
𝐶

 𝑛𝑡ℎ
> 1⇔measurement rate > decoherence rate

• Gravity measurements between two (possibly cooled) oscillators



42/96

• The most massive oscillator that has been used to realized its motional ground 
state is

40 ng
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• The most massive oscillator that has been used to realized its motional ground 
state is

• The smallest source mass that has been used to produce a measurable 
gravitational force is

40 ng

90 g
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Gravity & quantum

ag          fg pg ng          ug mg          g          kg        Mass

Ground state

G測定

Test of quantum nature
of Newtonian interaction

Our experiment
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Gravity & quantum

ag          fg pg ng          ug mg          g          kg        Mass

Ground state

G測定

Test of quantum nature
of Newtonian interaction

Our experiment
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Our experiment

1 m

1 cm

3 mm
(7 mg)
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Opt-mechanical cavity (design)

Opt-mechanical interaction
 𝐻int = −ℏ𝑔( 𝑎 +  𝑎†)( 𝑏 +  𝑏†)
Multiphoton coupling
𝑔

2𝜋
= 10 kHzOptical freq. 

𝜔c

2𝜋
= 280 THz

Input power
𝑃in = 10 mW (trap)

(= 0.3 mW (probe))

Mechanical freq.   
𝜔eff

2𝜋
= 1 kHz

Mass
𝑚 = 7mg
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Towards quantum control of low freq. oscillators 

• Ground state cooling based on measurement (cold damping)
𝛾meas > 𝛾deco

• Thermal decoherence
𝜔eff > 𝛾dec𝑜

𝜅

2𝜋
= 600 kHz

𝛾meas ≡
𝑥𝑧𝑝
2

𝑆XX
shot

=
4𝑔2

𝜅
= 2𝜋40 Hz

𝜔eff

2𝜋
= 1 kHz

(𝑄pend = 106)

𝛾deco
2𝜋

≡
𝑛th𝛾eff
2𝜋

= 20 Hz
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Mechanical oscillators: pendulum/levitation

𝛾pend

2𝜋

= 4.4 × 10−6
𝜔pend

𝜔
Hz

𝛾tot = 0

Gravity 
e.g. Optical  spring

Wire 

c.f. Saulson 1990
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Mechanical oscillators: pendulum/levitation

𝛾tot = 𝛾pend 𝑓 + 𝛾gas
→ 𝛾gas@~kHz but 𝜔pend is small

𝛾tot = 𝛾gas = 2𝜋3.9 nHz
(Pressure = 10^-5 Pa, 
Mirror’s diameter = 3 mm)

Gravity 
e.g. Optical  spring

Wire 

Gas  

Gas  
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Mechanical oscillators: pendulum/levitation

𝛾tot → 𝛾gas@𝜔 = 𝜔eff 𝛾tot = 𝛾gas

Gravity 
e.g. Optical  spring

Wire 

Gas  

Gas  

Optical  spring
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Limit of dissipation dilution：higher frequency modes 

pendulum pitch 1-st violin 2-nd violin

(1) Increase thermal noise 
at optically trapped COM 
frequency450 kHz

1-st violin

2-nd violin

Pendulum’s
zero point fluc.𝑄eff = 5

𝑄violin = 2 × 104

𝑄dielectric = 2500 (SiO2/Ta2O5)
beam radii = 300 um

Mirror
(contribution:70 % coating)

𝛾meas

2𝜋
= 40 Hz
20 Hz
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𝛾meas

2𝜋
= 40 Hz

Limit of dissipation dilution：higher frequency modes 

pendulum pitch 1-st violin 2-nd violin

(1) Increase thermal noise 
at optically trapped COM 
frequency450 kHz

1-st violin

2-nd violin

Zero point fluc.𝑄eff = 5
𝑄violin = 2 × 104

𝑄dielectric = 2500 (SiO2/Ta2O5)
beam radii = 300 um

Mirror
(contribution:70 % coating)

104 GaAs/Al0.92Ga0.08As

Nat. Phot. 7, 644–650 (2013)

Our optical cavity

20 Hz

Metrologia 53(2016) 860–868CMS

Silica/Tantalum
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Limit of dissipation dilution：higher frequency modes 

pendulum pitch 1-st violin 2-nd violin

(2)Mode mixing

(1) Increase thermal noise 
at optically trapped COM 
frequency

pendulum-pitch coupling

Beam miss-centering
5e-5 m, 2e-5 m

Due to pitch’s dissipation

Pe
n

d
u

lu
m

’s

450 kHz

c.f. PRL108,214302 (2012)
pitch

COM pitch

Ideal case
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Current status of our pendulum

pendulum
~4.4 Hz

pitch
~20 Hz

1-st violin
~ 10 kHz

2-nd violin
~ 20 kHz

Front view

Side view

3 mm

0.5 mm

10 mm1 um±0.1 um
Silica fiber

𝑄pend ≃ 105

𝛾deco
2𝜋

= 1 kHz
𝜔eff

2𝜋
= 1 kHz
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𝑄pend ≃ 105

𝛾deco
2𝜋

= 1 kHz
𝜔eff

2𝜋
= 1 kHz

Next goal: long silica fiber for enhancing dilution

pendulum
~4.4 Hz
2.2 Hz

pitch
~20 Hz
~20 Hz

1-st violin
~ 10 kHz
2 kHz

2-nd violin
~ 20 kHz
4 kHz

10 mm1 um±0.1 um
Silica fiber 0.01 um

> 106

20 Hz < measurement rate

50 mm

Heat & pull method

Heat
Pull 

For increasing wire length, 
Pull length 10 cm→30 cm

For reducing surface roughness,
Gas flow is stabilized 



58/96

• 5 cm fiber（直径1 um）作ったよ

• 写真は間に合いませんでした
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Siddels-Sigg (angular) instability in a linear cavity

• Pendulum + optical spring (detuned cavity)

Low mechanical dissipation

Prevents higher modes

Fast measurement rate
Top view

Optical anti-torsional-spring

• A thin fiber for suspension

High gravitational dilution

Ignoring violin modes

Low restoring of YAW

Plane tiny mirror

Concaved  fixed 
mirror
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Siddels-Sigg (angular) instability in a linear cavity

• Pendulum + optical spring (detuned cavity)

Low mechanical dissipation

Prevents higher modes

Fast measurement rate
Top view

Optical anti-torsional-spring

New Journal of Physics 14 (2012) 115008

Dominant for 
thermal noise

Plane tiny mirror

Concaved  fixed 
mirror
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Optical torsional spring 

Simple pendulum + optical spring 
+ optical torsional spring
→almost levitated system??
Low mechanical dissipation (gas limit)
Prevents higher frequency modes
Fast measurement rate
Passive stabilization
simple!

Coating thermal noise is main issue.
Opt. express 22, 12915-12923 (2014)
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Setup

• Laser source

(1064 nm/500 mW)

• In-vac. 

(1e-5 Pa)&

on-vibration-isolated

system

Int. stab. 

Freq. stab.

Cooling 

Probe 
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Setup
~1 m

ISO class 6
Clean room
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Setup
~1 m

ISO class 6
Clean room

Freq. stab.
Int. stab.

cooling

Coil-magnet
actuator
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1 m

XYZ-stage

Signal lines



67/96

Current signals are 
transferred through 
twisted cables 

Signals for alignment-
tuning actuators are 
transferred to the air 
via Burndy connectorMain signals

For alignment
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• 回路とかロガーの写真

Electric circuits for
Laser stabilization,
Cooling 

Data logger

Controller of 
picomotors
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2017/12/19: first measurement using current setup

Optical spring (c.o.m.)Pitch 

(free-mass) SQL
Goal for imprecision noise level
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2017/12/24: tuning the vibration isolation

Optical spring (c.o.m.)Pitch 

Fixed to the tank

Before ー, ー
After ー

Goal for imprecision noise level
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2017/12/28: removal of the scattered light

Optical spring (c.o.m.)
Pitch 

Install ND filters

Goal for imprecision noise level PD

Before ー
After ー
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2018/01/04: stabilize laser source

Optical spring (c.o.m.)
Pitch 

Goal for imprecision noise level

Before ー
After ー
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2018/01/08: reduction of pitch-pendulum coupling

Optical spring (c.o.m.)

Large coupling

Small coupling

Pitch 

Goal for imprecision noise level

Before ー
After ー

Movable mirror

Z-stage
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Summary from 2017/12/19 to 2018/01/09

Noise reduction, but 
many unknown peaks

Have to reduce 
unknown peaks!
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Thin tungsten
wire for improving
vibration isolation
at higher freq.

before

after

afterbefore
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2018/02/21: Wire broken, noise increasing

Tungsten wire 1 mm→0.2 mm (broken)→0.45 mm

Before ー
After ー



77/96

2018/03/21: Noise reduction again! Before ー
After ー
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2018/03/21: monolithic mirror holder
Successful 
elimination of 
some peaks

Before ー
After ー
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Wire for 
picomotor

Use thin
wire

before

after

afterbefore
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2018/04/01: thinner wire (250 um→50~100 um)

Successful elimination of many peaks

Before ー
After ー
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2018/04/02: stabilized laser source again Before ー
After ー
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Comparison with 2018/01/09

Peaks removed

50 Hz Harmonics of 
the ac power supply
remain
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Current states: noise budget

1st violin

No unknown noise source

rocking

arXiv: 1809.05081

𝑄 = 𝑄𝑝𝑒𝑛𝑑
𝜔𝑝𝑒𝑛𝑑

𝜔𝑒𝑓𝑓

2

≃ 1 × 108
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• To demonstrate gravity measurement between mg-scale masses, 

we firstly try to use a simple cantilever for source mass (not suspended mirror).



Development of a milligram-scale source 
mass for applications in mg-mm-scale 

gravity measurements

March-17-2019 JPS Spring Meeting

Seth B.Catano-Lopez, N. MatsumotoA,B, T. Kanai, M. Sugawara, S. Suzuki, N. 
Abe, K. KomoriC, Y. MichimuraC, Y. AsoD, K. Edamatsu

Research Institute of Electrical Communication, Tohoku University, AFRIS, 
Tohoku University, BJST PRESTO, CUniversity of Tokyo, DNational

Astronomical Observatory of Japan.
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▰ Traditionally, large source masses are used in gravity 
measurements because this increases the strength of the signal.

 Hardest part for a precision measurement (big G 
measurement) is locating and aligning the centers of 
mass of the interacting bodies.

▰ Reducing the dimensions and integration time would allow to 
reduce systematic errors in measurement and explore new 
regimes of gravity (quantum nature of gravity?).

▰ What is the smallest measured interaction to date? 

 DyFe-cylinders ~100 g in torsion balance experiment 1

 Experiment time of >2.5 hours! 

▰ How much smaller can we go?

 ~100 mg 

1Ritter R. C. et al.1989. Experimental test of 
equivalence principle with polarized masses. Physical 
Review D 42.4.
2Matsumoto N., et al. 2019 Demonstrations of 
Displacement Sensing of a mg-Scale Pendulum for mm-
and mg-Scale Gravity Measurements. PRL. 122, 071101.

Fig. 1 Time-of-swing experiment3.

3Speake C., et al. 2014. The Search for Newton’s Constant. 
Physics Today 67, 7, 27.

Background-Source Masses in Gravity Experiments

Source mass

Source mass

Test mass
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▰ Scaling down brings advantages, but the fabrication and driving become difficult 
in a modulated gravity scheme.

Schoele Jonas. 2017. Development of a micromechanical
proof-of-principle experiment for measuring the
gravitational forcé of milligram masses, Doctoral thesis,
University of Vienna.▰ Can we meet the necessary requirements 

with a simple cantilever? 

 Easiest to fabricate 

▰ What are the limiting factors?

Piezo actuator Electric motor

Piezo actuator

lever string

Piezo actuator Piezo actuator

Electromagnetic coil

Micro-Mechanical Approach



Requirements and Constraints for a Modulated Gravity 
Experiment

88

▰ Material 

▰ Driving amplitude  ~1 mm optimal

▰ Resonance frequency ~280 Hz

▰ Qsource > Qtest ~250

▰ Coupling noise 

 EM noise

 Mechanical coupling

88

Below noise 
floor

fres

Fig. 2 Noise power spectral density of test mass

xrms
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Choice of Materials

▰ Gold, platinum, tungsten…

 Dense materials (19 , 21… [g/cm3]) , good conductors, low 
magnetic susceptibility (~-1e-5)

 Hard to manufacture with a good grade

▰ Type 316 Stainless Steel 

 Not so dense (8 [g/cm3]), low magnetic susceptibility (~2e-3)

 Easier to manufacture with better precision (< grade 100)

 Commercially available

89

SS316 5 cm 
source mass1

Tungsten 10 cm 
source mass2

1Tu L-C, et al. 2010. New determination of the 
gravitational constant G with time-of-swing 
method. Phys. Rev. D 82, 022001, 2010

2G.T. Gillies, et al. 2014. The attracting 
masses in measurements of G: an overview of 
physical characteristics and performance. Phil. 
Trans. R. Soc. A 372 20140022
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First Design

▰ Geometry of cantilever determines resonant frequency and mode shape of 
oscillation.

▰ Aluminum cantilever 15.5 x 0.8 x 0.5 mm3 and SS316 ball. 

Resonant frequency at ~177 Hz 90

Piezo

Piezo

Side viewFront view
ϕ=4 mm 

15.5 mm

0.8 mm 0.5 mm

~250 mg



Driving

▰ Gravitational signal scales linearly with 
driving amplitude.

▰ Achieved with a piezo actuator.

▰ Driving amplitude of ~0.7 mm at resonant 
frequency 

91

181 Hz

ϕ=4 mm 
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Q factor

▰ Q factor of the source mass should be 
significantly smaller than that of the 
test mass (Qsource>Qtest) to achieve 
resonant excitation.

▰ Q factor >100 possibly limited by 
material damping.

▰ Glue affecting? 

 Mode shape suggests dissipation

comes from the material.
92

Fig. 3 Mechanical transfer function of cantilever, measured at 10 Pa

181 Hz



93

EM Shielding

▰ Attenuate the effect of stray fields acting at the driving frequency (frequency of 
detection) and stray charges on the masses.

 Electrical charges should be discharged from probe and source mass 
(conductor)

 Mu-metal has a skin depth of ~100um at 180 Hz.  A cage of ~1.5 mm is 
proposed.

 Transmitted power attenuated by a factor of ~200dB between the two 
masses.
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Mechanical coupling

▰ 3 step vibration-isolation model suffices to reduce vibrations by a factor of 10^-10

94

181 Hz

Fig. 5 Transfer function from source mass to experimental plate, with 
realistic mass and spring values.

Source mass

Experimental plate
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Conclusion

95

• Material   ok

• Driving amplitude  ok

• Resonance frequency  ok

• Coupling noise  achievable with smart design
 Shielding  (demagnetization)
Vibration Isolation 

• Q factor  - ??
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Summary

• Goal: to test quantum nature of the Newtonina potential

• Motivation: to understand gravity more deeply

• Method: table top experiments based on GW detector’s technology

• Current status: gravity sensor for mg-scale gravity

• Future plan: demonstration of mg-scale gravity measurements 
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• 𝐶𝑞 =
𝐶

𝑛𝑡ℎ
=

𝑆𝑟𝑎𝑑

𝑆𝑡ℎ
∼ 0.1

ℱ

1800

2 𝑃𝑖𝑛

30 mW

𝑄

108
7mg

𝑚

• 𝐶 =
2𝐺2

𝜅ℎ𝑎𝑙𝑓𝛾𝑓𝑢𝑙𝑙

• 𝐺 = 𝑔0 𝑛𝑐

• 𝑔𝑜 =
𝜕𝜔𝑐𝑎𝑣

𝜕𝑥
𝑥𝑧𝑝𝑓 =

2𝜔0

𝐿
𝑐𝑜𝑠𝛽 𝑥𝑧𝑝𝑓

• 𝜅ℎ𝑎𝑙𝑓 =
𝜋

ℱ𝜏

• 𝑛𝑐 =
𝜏𝑃𝑐𝑎𝑣

ℏ𝜔0

• 𝑃𝑐 ≃
2𝜅𝑖𝑛

𝜏𝜅2
𝑃𝑖𝑛


