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Massive objects and thermal decoherence
e Mass m
/

* Frequency Q
» Dissipation y

2
» zero point fluctuation spectrum: ;7 (Q) = SXapf

Y (Q)
. ho _ 1kg 0.5 /1 Hgz\ 0.5
° .szf — ZmQ_ =3 X 10 18 m (7) ( 3 )

21T




Massive objects and thermal decoherence
e Mass m
/

 Frequency Q
 Dissipation y

2

8
« zero point fluctuation spectrum: S.F(Q) = —yx(?ff

0.5 0.5
° xzpf — L = 3 X 10—18 m (1_kg) (132)
« Thermal decoherence

2m() m
=>Quantum + Brown motion: S, (Q) = 2n., + 1)S,.F(Q)

21T




Thermal phonon

~kBT 10 T 300 Hz
.nth_hQNZXH) (3001()( Q )

21T




Measurement-based control

« Feedback control
Control algorithm implemented in real physical world

e.g. Coin probability P(k) = %,k = heads, tails




Measurement-based control

« Feedback control
Control algorithm implemented in real physical world
e.g. Coin probability P(k) = %,k = heads, tails

Coin is back, then actuators turn it over
P(heads) =1

Toss|a coin
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« Conditioning
Control algorithm without actuator
—>create a conditional state

e.g. Coin probability P(k) = %,k = heads, tails



NMoaciiramaoent_hacad ~rAantrnl

Toss|a coin

« Conditioning
Control algorithm without actuator
—>create a conditional state

e.g. Coin probability P(k) = %,k = heads, tails

Someone tells you it is front, then
P(heads|heads) = 1




Measurement-based control

e Continuous position measurement
—->0Obtain velocity by differentiating

« Reduce velocity by FB or conditioning

q
—->reduce mode temperature
—>cooling
Position ‘,\’\
 We use the both of control measurement \
| 1 j
I
-1 /
- R SN
T T e -

conditioning Feedback



/.

L inear continuous mea@_ure N

q
$ A0 = Aq(0) +<(0) laser noise
« X: optical power JPSD ,
. [m/sqrt(Hz)] simp
* q: position q
* A: sensitivity coefficient | Ffequi‘g TH2]
e {: sensing noise (read out noise, impression noise) q
. ] . L oimp _ 5S¢
Displacement-referred noise level: Sqq =
Simp
- Sensitivity (ZPF-referred noise level): Ny, = 2ggpf X Y |
qq aser
1 300K o o
- Requirement: ny,,~——~2 x 10711 ( )(—2” ) = Aa(t) + ()
2N¢p T 300 Hz 11



Phonon occupation ng,

Resultl: continuous meaS"mm‘~"'opncauymppemm

PHYSICAL REVIEW LETTERS 122, 071101 (2019)

Demonstration of Displacement Sensing of a mg-Scale Pendulum for mm- and mg-Scale
Gravity Measurements

beleum(t Seth B. Catafio-Lopez,” Masakazi ng‘uuq a Suzuki,?
Naofumi Abe,” Kentaro Komori,” Yuta Michimura,” Yoichi Aso,”” and Keii h Edamatsu

-12
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aq

° nimp
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~ 1077, Nature 563, 53-58 (2018).
~ 3.5 x 10713, Science 372, 1333-1336 (2021)
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feedback cooling

Our system
« Hamiltonian o

RO AA pendulum
*H=—(q"+p*) - (x* +y?) + hgxq == |

[detector
Vacuum

e Equation of motion ks 71 .
° q — wmp E,I:];I estimation

*D = —wnq — YmP T+ noise terms
» X = Aq + noise terms (X:traveling wave, x: cavity mode)

» Optical spring increases resonance: Q) - w,,
« Feedback cooling decreases mode temperature

13



Optical spring

« Detuned cavity creates an optical spring

laser

0‘0

On resonant |

— g

Detuning A

pring constant

By optical spring

.0
e,

’0’ . : . . 1'
.... Optical power inside cavity ...,



Optical spring

10-‘1{]

- Cavity with a pendulum _
>optically trapped pendull

1
"= ex —ﬁfe——-l = ()
pkBT

-

o
N
Y

>entropy is about 0
-0 K thermal bath

Displacement [m
o

—

<
]
=

—

<
[2
%]

Spectrum of Brownian motion

pendulum

4

-—

3

just pé dulum

ey

pitch :
/ violin modes
_ optically

R trapped
l"'* pendulum :
i \4 B
'\,*-‘-" ,’f‘.l\ ]
------- i\ I ;
é

[ T
=

101

102 10° 10%

Frequency [HZz]
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characterization of optlcal sprlng

Optical spring 10°

ain [dB]

 Cavity with a pendulum
->measurement of Brown moGEion

of optically trapped pendulum %90 200 300 400
Frequency [Hz]

Main experiment. 4 Hz=>300 H

Phase [degrée]
I
o
o

I
N
-
o

100 200 300 400
Frequency [Hz]




1 vacuum compatible
~ 1 M xvz stage

Setup

total mass ~ 120 kg
main platform ~ 20 kg
damper ~ 10 kg x 2

copper

main platform

aluminum

SUS

ISO class
Clean roo




vacuum compatibie
M¥V7 etana

L

me *

CAIAL L] 1nl

O class
. eanroo
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Diaplacement sepnaing

1013 : — -
.w. |
& | |
:N 10 ﬁ M 31
Mode temperature < |
Blue: 420 uK = s
1
Red: 11 mK =
E
20716 |
a ?
107 10°

Frequency [Hz]



Conditional mechanical squeezing
* X(t) = Aq(t) + {(¢)
« Conditional position: g, = E[q|X]

« Conditional position variance:
Ve(q) = E[(q —qc)*1 =V (@) —V(a) <V(q)

* I.(q) can be maximumly reduced at the expense of increasing V.(p)
- Uncertainty principle is satisfied

23



Wiener filter X(t) = Aq(t) + ¢(%)

Stational system _ .
(linear continuous meas.) Wiener fil

q —[A | —®—X A{HCL—> q,

random signal output
(input)

eI

24



Quantum Wiener filter X(t) = Aq(t) +<(¢)

Stational system _ .
(linear continuous meas.) Wiener fil

q —(A)J—®—X —{HJ— G,

random signal output
(input)

noise

Quantum noise preserves the heisenberg uncertainty principle :



Wiener filter , |
107 ¢
. _ AQ1-iB .
Hq ((1)) — Q’—iF’a)—Zi)z i \
cq. = H, X LS, ‘ o BAN :
o ~ 10" ¢! | nois
%) T Vi SRR
0. : i\\\\
NG e
=2 : : \\\
10 AR q N

10" 102 10°
frequency [HZz] L



102 10°
frequency [Hz]

217



Wiener filter

102+

_ AQ1-iB
Hq (w) Qi w2

Conditional variance

V.(q) = El(q — q.)°] -~
=V(@) —V(Q) <V(@)p

v=| s 1072}

10°

frequency [Hz]

| |

N - :

T &

Bk

| |

| |

Forte

| |

| |

| |

| |

e

il —————————————bbl—
2 3

10 10

noisa

- W S ==

10*
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Wiener filter |
107} A
A(1-iR ,"1'\'\\
) H (w) = (lF’la) X : Z 1\
Con a’ltlona] variance o : —
Ve(q) = E[(q — qc)°] ~ 10° W
=V(q) —V(q.) < V(q)m : N0
V=f Sdf = J Sdf 10" 2 | Hi
Ve(q) = E[(X/A - ch( ] A 5 B S 8 1 L
X=4q+5 q=7 10’ 10 10°

frequency [Hz]

noise

29



Bandwidth fory integratior@)u”q“ [(X/A = qc)°]

( o Sdf) restlmatlon method
—fbw '
[° Sdf g
5
fow \§ 10°)
r= [ sar=["s :
QO
Jow S Théory
z Ve(q) = E[(q — q)?]
e . |
10—22?  BRI IR R I A R I A B R T
f,,, 107 10° 10°
o) i <————— Normalized frequency

2n T 2m §



10°

Displacement [1/Hz]
>

ResuHZ condit]

@)
q=X/A
dc
500 |difference

Frequency [Hz]

Aoferaueezing

filtering

Displacement [mﬁ{zmj

—
-

<
-

—

S
O
e

<
>

10°

Frequency [Hz]

10°



10°

Displacement [1/Hz]

Resu\tZ cond|t|ona\ Squeezmg

() of
q=X / A o momentum ~)
T 10* =
h = 5t S
= correlation
qC % 102 =
5 3 10}
£ 10° esiohiniy z
> ' S
. 10 -15
200 difference 200 1000 200 1000
Frequency [Hz] Frequency [Hz] Frequency [Hz]
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(@)
10° 10°
5 q=X/A — momentum
= 10} < ot
g q g
£ 10° C 3 10°
L c
: g
= 10° S 10° ooty
Z
-2 L . R . -2 . R
10 200 difference| !° 200 1000
Frequency [Hz] Frequency [Hz]
x10* B ()
N experiment |
: o I 10°
E | analytic 20 % excess noise
§ / prx470 2104_ ._'
15 -1 05 0 05 1.5 10%) ~ Optimal
Position «10*

Resu\tZ cond|t|ona\ Squeezmg

N
=
. S
= correlation
=
Q
§-10 -
o)
@)
-15 : L
200 1000
Frequency [Hz]
bandwidth

107

10°
bandwidth

10

1
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Future: monolithic pendu\um

squeezed noise level

10;
‘“il.

E quantum squeezing
= 102 E m ﬂ'#
ol ;
3
O
-
=
L
L -
Q -4
i Purity:
Z 10 current (prototype) |, | monolithic pendulum } vd 'V
-2 _
10 1ol 100 10!

sensitivity maximizes

Normalized Detuning, A/k 2




Amplitude [a.u.]

041

Sem —
monolithic | -~
= =Q=14x10°|]
I em —Q=1.1x10°
POXY ——Q=3.0x10°
8|0 2.0%10°
S'em A
clamped
5 10 15 20

siIic! block

7 mg silica disk

imp
SCI q

Nimp = ~3x1078 > 2 x 10~ (@500 Hz)

ZSpr
aq
Requirement: ny,,~2 x 1071
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Old pendulum

« Simple pendulum with small dissipatio

prototype(2015~2019)

resonance ~ 4 Hz
P Q~1eb

clamping /’ dissipation ~ 4e-5 Hz
(very lossy) «— silica fiber

/@o— mirror
bonding

(little lossy)
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New pendulum: monolithic

« Simple pendulum with small dissipatio

prototype(2015~2019)
resonance ~ 4 Hz

P Q ~ 1eb

clalping /’ dissipation ~ 4e-5 Hz
(very \Rssy) « Silica fiber

welding

/ mirror
(low loss) b"\{;‘i @.— 0

(littleNQssy)

37



\Vonolithic pendulum

—

| silica block prototype(2015~2019)
resonance ~ 4 Hz
~ leb

|§issipation ~ 4e-5 Hz |

.

}- monolithic(2020~)

resonance ~ 2 Hz
~ 2eb

, dissipation ~ le-6 Hz |
7 mg silica disk 3




initial: 125 um
final: 1 um

thin (1 um) & long (5 cm) silic@dibmeth

Heat & pull method 5 cm

] " ™\ pp— ' <:
y | w ‘ "‘
v -

—




silic! block

7 mg silica disk

40



l silica block

Shadow sensgﬁ%wn

measurement of rin
(damped oscillation)
by shadow sensing

LLLLLLLS

7 mg silica disk

on a viblation isolation
inside a vacuum chamber (~1e-5 Pa)

Using the linear range of a
Gaussian beam, we detect
the “shadow” on a PD

41
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PHYSICAL REVIEW LETTERS 124, 221102 (2020)

High-Q Milligram-Scale Monolithic Pendulum for Quantum-Limited Gravity

Seth B. Catafno-Lopez 2 Jordy G. Santiago-Condori ,' Keiichi Edamatsu,' and Nobuyuki Matsumoto' >

Measurements

Prototype

Ty

~

o
co

L
5cm/“"
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=~ -

-y

Sy

pendulum

—

Amplitude [a.u.]

<
~

S
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o

0]
")
o
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<«
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5¢m /
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5 10
Time [h]

15

20
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ot
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S
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<
~

|

(b)

yaw

1 cm
epoxy
— Q=9.4x10?
Q=1.2x10*
5 10
Time [h]

-

i silica block

7 mg silica disk
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i silica block

roc) it

PHYSICAL REVIEW LETTERS 124, 221 102((2020)

High-Q Milligram-Scale Monolithic Pendulum for Quantum-Limited Gravity
Measurements

Seth B. Catafno-Lopez 2 Jordy G. Santiago-Condori ,' Keiichi Edamatsu,' and Nobuyuki Matsumoto' >

Amplitude [a.u.]

Prototype (b) -, 7 mg silica disk
; ; . : 5 : :
1 pendulum 1 yaw - 10 ¢ * this research
<= - - : . . A pendulums
TSR 0 % torsion pendulums
. ~ I 10 p
0.8 > cm /‘ TS , — 038 N ° ® other kinds
monolithic S <o § o . T ° .A
= 2
A : - 6 — : 10
I \ Q=14x10"|] o I 1 cm g [ PS %
0.6 | lcm Q= 1.1x10° E 06 POy 3 4 A
Lpoxy — Q= 3.0><102 :é: -% 10 T ’
T Q=20x10 p~
A s < A 10° :
047 5¢m 047 — 2]
clamped Q=94x10
- =1| Prototype j
| . | | ]
0 5 10 15 20 0 5 10 1072 10° 102 10* 10°

Time [h] Time [h] Mass [mg] o



Summary

* Goal: quantum sensing and control of a massive pendulum

« Approach: measurement-based control, development of low-
loss pendulum, optical spring

» Current status: conditional squeezing (~400 X x,,7)

e Future: quantum squeezing



