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Feynman (1957)
Bose et al. (2017)
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Feynman (1957)
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E Bose et al. (2017)
Marletto, Vedral (2017)
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Bose+ (2017)

B M V% = Marletto, Vedral (2017)
. E Carney, Muller, Taylor (2021)
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Bose+ (2017)

B M V% = Marletto, Vedral (2017)
. E Carney, Muller, Taylor (2021)
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Bose+ (2017)

B M V% = Marletto, Vedral (2017)
. E Carney, Muller, Taylor (2021)
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Bose+ (2017)

B M V% = Marletto, Vedral (2017)
. E Carney, Muller, Taylor (2021)
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Bose+ (2017)

B M V% = Marletto, Vedral (2017)
. E Carney, Muller, Taylor (2021)
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Bose+ (2017)

B M V% = Marletto, Vedral (2017)
. E Carney, Muller, Taylor (2021)
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Bose+ (2017)
Marletto, Vedral (2017)

Experimental Challenges cany s, Tor (02

® Gravity of quantum probe is too weak to create enough entanglement!
Dephasing induced by QG (suppose m ~ M for simplicity)

m|®(L) — ®(R)[t Gm? _t dAX

|¢or, — dr| = - ~— AX%NWETQJ
L : 2Gm _96 m d - W 2
Gravitational coupling 7 := Zgzg~ 7> 10 (2 x 10— 14 kg) (450 ,ug) (27? X 109 Hz)
Separation of A_X _ |L — R)| 3% 10° ( AX )3 ( ?'n.-_ )1/2 ( w_ )1/2
spatial superposition o V I/ (mw) 250 pug 2 x 10~14kg 27 x 105 Hz
1 A6 W t
Coherence time wt~ 10 (gﬂ— < 10° Hz) (QJ Parameters in Bose+ (2017) » ¢4 ~ 1

Macro system is desired for large gravitational coupling 7,
but micro system is preferred to overcome decoherence and achieve a large AX and wt.



Bose+ (2017)

Marletto, Vedral (2017)

Experimental Challenges

Today'’s talk

How can we create gravity-induced entanglement with short time scales?

P Let's use dynamically instable particle to create entanglement rapidly.

e.g. Inverted oscillator potential, Parametric resonance

Taylor (2021)

/2



Inverted oscillators
for testing

gravity-induced quantum entanglement

w/ T. Fujita, A. Matsumura, Y. Michimura
Class.Quant.Grav. 42 (2025) 16, 165003



Setup

® Two particles in quadratic potential interacting via Newtonian gravity
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Setup

® Two particles in quadratic potential interacting via Newtonian gravity

1 1

[} \
1
\

\

1
)
)
| / | /
| Quantized gravity | /
] \ 1
/4

1
1
\
\
\
\
\

P w Py Py P Py e
H = > [Pf +MX7 4+ P+ X Xs — (X — Xg)ﬂ Q
Wherel 16?; .= L, X?; .= _TT;CU .ij‘?;, )\?; .= k@ ""““:E:' | :'::““““' ““"“:E:' . ":: """""

hmw mw? ; it ; a; >
—2 3 / | \ / | \
1= m =20 () (ees) ) U
Potential depends on the sign of \;:
A= +1 A =0 A= —1

Inverted
' oscillator
Harmpmcs Free O
oscillator

Krisnanda+ (2020)

Which potential can generate the gravity-induced entanglement most quickly?



Time evolution

(X7) = (P}) = (X3)

® Initial state: Separable ground states for Ay = +1and A2 = +1 respectively

2
® Heisenberg-Langevin equation

t=20

Xi=wP;, P,=-\wX;+wn(X;—X;)+&
Suppose that the random force is a white noise:

Random force
1
S(EDO& ) + &) () = pod(t — )3,

Release
Dimensionless parameter of decoherence effect : Gravity:
Especially, we solved time evolution of covariance matrix
05 (t) = ({ui(t), u;(t)})
where »

z(t) — (Xl(t)ﬂ Pl(t)ﬂ Xg(t), PQ(t))




Gravity-induced entanglement [”7 vy J

[ random force

Log negativity Ear(t) : > 0 means entanglement is generated
Corresponds to the maxima of extractable Bell pairs

If we focus on A1 = Azand assume 1, u < 1, a logarithmic negativity is given by

Ex(t) ~ max [ s i) = 1facc(8) o]

where fgra(t), fdec(t) take positive values:

( 1 1/2
() = C, + Cy cos (2 ) f) Cy s (2« ) z‘) C, cos (4 )\wtﬂ
Jara(?) SVaNT2 { |+ Cycos [ 2V Awt ) + Casin ( 2V wt ) + Cy cos [ 4V
0 faec(t) = SIE {Q'ﬁ()\ + 1wt + (A — 1) sin (2\/},@1‘)]
Ci=1+AA+8\—1)%2t24+14), Co = —16), C3 =8VA (N2 —1)wt, Cy = —(\ — 1)

\.

As gravitational interaction becomes stronger and decoherence
effect is suppressed, more entanglement is produced.



Analytic form of E (t)

1] . gravity
[t - random force

If we focus on A1 = A2 and assume 7, 1+ < 1, a logarithmic negativity is given by

2

En(t) ~ —
~n (1) max[logZ

(nfgra(t) _ ﬂ’fdec (t)) ) 0 ]

Especially for wt > 1, fara(t), faec(t) takes simple form:

fgra(t) fdec (t) Behavior of LN (t)
Harmonics 1 sin(wt) lwt Decoherence exceed gravity,
A=+1 9 9 less likely to be entangled.
Free 1 3 1 3 if 7 > [t , entanglement
A=0 6 (wi) 6 (wi) increases by power laws
Inverse legwt lezwt If 7 > K, entanglement
A=—1 ] 8 increases exponentially

|
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fgra(t) Jfdec (t) EN(t) DSBDZELN
—— | Harmonics = 1, | 1 FAE—LVR>EAIZHRDEDT,
. | — A=-1 (Inverted) [| A=+l 2 sin(wt) §wt EFLONAERLIZ
108} 1
- | — A=0 (Free) | Free 1 3 1 3 N> pDEE, NEFET
o A=1  (Harmonic) | A=0 gt 5« BFEONAEATS
w104 1| Inverse 162“’75 162@ N> 1 DEE FEHEHKRNIC
D | A=-1 8 8 EFLONIEATS
A <«
i \\ Dashed line: fdec (t)
-4 _‘ L . . ‘ L \ . .
1% Solid line:  fgra(t)

w t



BFLOMEROBBMRT—I (9 e

@ \N=0¢& )\=—1IBH5t+nLGEaFEONEMIDNELGRFERAT—IL
e — 1 T8 HAKRIANAREEND N LD
T (0<e<)
___ Requirement from En(t) > 0
w = 1kHz IZ8LT, Eyn(t) = 0.01 £82=HISRBEREERRAT—ILIE

1.2 /3 sec (A =0)
Tent =
T 13%x 10724+ 5 x 10 4log [e 1] sec (A= —1)
2G'm

; w —2 - ,_3
ni="—" =27x1071 ( ) m/d ,,
wid? 1 kHz 2 g/cm?

¢ e =1 (VA RE)DEE, RNNRIFBHAMFICEERTI00FBIRERLEFHON
EERT D,
o RNRIE, € BNINKTHEREEEZITT B
- RARETIAIE—L D RIZHREHELNHS |




Wistone+ (2023)
Grier (2003)

® Optomechanics
Method to control mechanical system

(atom, mirror etc.) with photon radiation pressure. Photon
VaVaVaVe o

® Conventional method to trap a particle using cavity optomechanics

Laser beam

If it is red detuned, particle feels
inverse oscillator potential!

O
<>

Particle oscillation

However...

— Trapped particle is about nanogram scale, which is too light to see gravitational signal.
— Laser shot noise cause terribly large decoherence.



How to realize inverted oscillator?

® Improved method to trap a mirror in sandwich configuration Michimura+ (2017)

4 b .
' mirror

- C Fixed

Upper
laser

<«— Levitated

I mirror
& Earth
Lower gravity

laser

. <— Fixed

/ , mirror

We consider small mirror sandwiched by 2 fixed
mirrors in a vertical direction.
The levitated mirror keeps its balance among

the earth gravity + upper & lower laser pressure.



How to realize inverted oscillator?

® Improved method to trap a mirror in sandwich configuration Michimura+ (2017)

y//// » » We consider small mirror sandwiched by 2 fixed

mirrors in a vertical direction.
Upper The levitated mirror keeps its balance among
: the earth gravity + upper & lower laser pressure.
Ia I Trapping potential of the levitated mirror is controlled

by laser power:

Earth PU/CLU — PL/G,L > () < A >0
gr?Wty PU/G»U—PL/GIL <0 < A<O0



How to realize inverted oscillator?

® Improved method to trap a mirror in sandwich configuration

.

Michimura+ (2017)

We consider small mirror sandwiched by 2 fixed

, mirrors in a vertical direction.
Upper : : :
I The levitated mirror keeps its balance among

laser
> 0 the earth gravity + upper & lower laser pressure.
S]Pring Trapping potential of the levitated mirror is controlled
orce
<: S <—>\Oj by laser power:
Earth PU/CLU — PL/G,L > () < A>0
Lower gravity

laser
: )
If mirror deviates to right,

laser restore it into left
direction (spring force)

J




How to realize inverted oscillator?

® Improved method to trap a mirror in sandwich configuration Michimura+ (2017)

We consider small mirror sandwiched by 2 fixed

mirrors in a vertical direction.

Ubper

T The levitated mirror keeps its balance among
‘ Anti- \ < 0 the earth gravity + upper & lower laser pressure.
g . Spring Trapping potential of the levitated mirror is controlled

~force
by laser power:

Earth
gr.?wty PU/CLU — PL/G,L <0 <+ A<O0
N

If mirror deviates to right,
laser further push it to
right (anti-spring force)

J




How to realize inverted oscillator?

® Improved method to trap a mirror in sandwich configuration Michimura+ (2017)

i - We consider small mirror sandwiched by 2 fixed
' | mirrors in a vertical direction.
L::Speerr The levitated mirror keeps its balance among
the earth gravity + upper & lower laser pressure.
Trapping potential of the levitated mirror is
controlled by laser power.
: Earth This setup overcomes the previous issues:
Lower gravity * Mirror mass could be milligram scale!

|a§er  Since laser beam is almost orthogonal to the

mirror motion, laser shot noise decoherence is

almost negligible!



Feasible setup to detect gravity-induced entanglement

%

W

Our calculation setup Vv
pper
laser

Quantized . F
gravﬂy xaf
—> /& . Quantized gravity . %
Random noise ;f. Earth Earth 1
Lower gravhy gravity Lower
Iaser .
—2 3

( n = 2Gm _ 2.7 % 10713 (L) m/d W/

3, ar \—1 m w: —2
shot = 2.5 10—14(—“’ ) ( L ) ( in )
 Hshot 8 1kHz) \2mm 0.1mg 1 MHz

Gravity exceeds random noise and gravity-induced entanglement grows exponentially!



Boosting Gravity-Induced Entanglement

through Parametric Resonance

w/ Y. Shiomatsu, T. Fujita, A. Matsumura
arXiv: 2511.09169



Parametric resonance

= Exponential growth of the output amplitude due to the input periodic modulation.

e.g. Mathieu equation X + w?[a — 2qcos(2wt)]| X =

— X =aC(a,q,wt)+bS(a,q,wt)

The even sol. The odd sol.

0

>Xswing

~ (2m periodic func) X exp[—i(const)t]

Mathieu exponent Im[(const)]

- 025

0.5

0.25
0.75

Unstable
region

Stable
reglon




Parametric resonance

= Exponential growth of the output amplitude due to the input periodic modulation.

e.g. Mathieu equation X w?[a — 2qcos(2wt)] X =0

— X =aC(a,q,wt)+bS(a,q,wt)

The even sol. The odd sol.

a | 9| K1 Oscillator potential

H*|4.8/2.4/0.27 b/ Q \O/ -
0 /2 T

4725
T \

4 4.8/1.8]0.12 w Q@ w‘e
0 /2 T

4 48[0.1] 0 w W W“
0 /2 T

>Xswing

~ (2m periodic func) X exp[—i(const)t]

Mathieu exponent Im[(const)]

L L 025 ' 0

\* Stable

0.75
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region
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Parametric resonance

= Exponential growth of the output amplitude due to the input periodic modulation.
e.g. Mathieu equation X w2[a — 2 cos(2wt)] X = 0 X swing
— X =aC(a,q,wt) +bS(a,q,wt) ~ (2m periodic func) x exp[—i(/c'onst)t]

The even sol. The odd sol.

Mathieu exponent Im[(const)]
Tlme dependence of S(a=48,q, wt) S eE 2 |

0.75

1000 — OF 24 - ' Unstable

? =1.8 ? s '
o] T \ region
q_o 1 ] 0.5

3 b
‘% 0100} m” \li Stable

><1O_6:
010, \ region |
0.001 b o o \6*,




Setup

: ——
® Two parametric resonant

oscillators interacting erodic

via Newtonian gravity modulation
(+ white noise)

]
Periodic
modulation
Gravitational interaction

X,, P O:> <:O X,, P,

w(T) = v/a — 2q cos(27)

® Hamiltonian f — o3 Z {Pﬁ_2_|_(a,—2qcos(2wt))Xf} — (X — X5)?
i=1,2
" . ~ . A 1
® Initial state X2\ — (P2y — (X2 — (pP2y — _
(Xi) = (P1) = (X3) = (F2) = 5

We solved the time evolution of the covariance matrix,

and evaluated the log negativity Ea () between two oscillators.

w(T) = \a — 2qcos(27)




Result

« Ex(t) grows rapidly in the unstable region.

n

2G'm N W\ -2
=27 10—1-5(_
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log EN(t = 37)
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: region

| Stable
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2Gm

‘ 1013 w |2 m/d>
Resu It N = 243 2.7 % 10 (m) (2 g/cmg>
log En(t = 3m)

a| q| M Oscillator potential 5
* [4.8/2.4(0.27 \Oj Q@ \Oj N Ny Unstable
0 /2 T | region N
wasiishz @ @ \@ d
0 /2 ™ > I * 100
? Stable
% [48/0.1] 0 \O/ \OJ \Qj ; region
. 73 — > T I

« Ear(t) grows rapidly in the unstable region.
 Let's consider 3 different parameter choices, which effective potential has

positive curvature throughout.



Result
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log En(t = 3m)
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10721 q=0.1
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« Ear(t) grows exponentially with the Mathieu exponent

m/d>

2 g/cm3

* Exponential growth of Ear(t) can be realized not only via inverted oscillator

potential, but also with positive curvature potential

)



Summary



Summary

® How can we create gravity-induced entanglement with short time scales?
» Let's use dynamically instable particle to create entanglement rapidly.

[ random force

— Log Negativity En(t) ~ (n — p)e*?
— Experimental realization using levitated mirrors, satisfying n > L.

® Inverted oscillators {?7  gravity ]

® Parametric resonant oscillators
_ Log Negativity En (t) N (77 )ezlm[(Mathieu exp.)|wt
— Entanglement grows exponentially in the unstable region, even in the positive
curvature potential.
® Future work
— Damping is crucial to escape decoherence?
— Chaotic system can also enhance gravity-induced entanglement?



Target region

Quantum theory and Gravity 7ot experiment
e
® \We need experimental evidence to explore quantum gravity 4 LqurzT/titjym]
® Quantum gravity theory 3 Newtonian gravity + QM >
Target region 1/0/

® Recent progress of quantum control & gravitational constant measurement

Quantum superposition
Fein+ (2019) Korppi+ (2018)

Planck
mass scale

easuring gravitational const
Westphal+ (2020)

4 x 1072%g] 7 x 107 g] 9 x 1072[g] Probe mass

Let's test the quantum nature of Newtonian gravity
using Planck mass scale object! W First presented in BMV proposals



QM + Newtonian gravity o (1957, 2o 008

“Is gravitational field superposed when the mass source is in superposition?”

If Yes — Quantized gravity (QG)

e

~ N =TT -

I 'O Mass source

»

»

Newtonian potential at I act as
operator of the source system.

GM
& — X

(2, X) = —

X

by Feynman

If No —» Semi-classical gravity (CG)

K ,a~\ ,a~\
}N‘%Spatiallysuperposed J _
" -
» X

Newtonian potential at I act as c-
number of the source system.

M
(i) = ( — M
2= X1/ o

Let’s verify which model is correct in the table-top experiment » BMV proposal



BMV proposals and related works



Feynman (1957), Zeh (2008

BMV proposals et e o

Carney, Muller, Taylor (2021

~— ~— ~— —

® Feynman

“Can gravitational field be superposed when the mass source is superposed?”
If Yes... Quantum gravity theory (linear quantum gravity, string theory, etc...)
If No... Semi-classical gravity theory (Schrodinger-Newton, Oppenheim, etc...)

P Let's experimentally test whether gravity has quantum features.

® Main idea of BMV proposals:

Let’s verify if Newtonian gravity can generate quantum entanglement or not!

é )
Quantum entanglement — Correlation particular to quantum system

(Correlation that cannot be created via Local Operator and Classical Communication)

e.g. Two spin systems Aand B (Xpure state)

I MDa®|DnB Product state = Separable state (No entanglement)
L(| Ma |+ |4Ha®|T)B) Non-product state = Entangled state
2




Bose+ (2017)

Key idea of BMV Proposals cammy v oy o

® Goal > Clarify whether gravity can create quantum entanglement or not

-
Quantum entanglement — Correlation particular to quantum system

e.g. Two spin systems A and B (¥pure state)

(I MDa®| B +]1)a®|1)B)Non-product state = Entangled state

V2

(Correlation that cannot be created via local operator and classical communication)

| Ta®|)B Product state = Separable state (No entanglement)

® Setup P A particle attracted by Newtonian gravity of the superposed mass src.

Superposed mass source Particle Let's see what happens for

m O both QG and CG case

_/

1
7(|L> +|R)) ® 14)  :Initially separable state



Bose+ (2017)

Key idea of BMV Proposals carmi v o oo

. GM R GM
@ QGcase P9 (z X)=— . ®CGcase &%) (z3)=(— ——
2 - X| @ - X|
Mass src. M, X Particle m, « Mass src. A/, X Particle m, @

W e ** T tes
Gy YR Wm f O
vl Vi |4)

e im0 (L) + |R)) @ )
\ J \/_
Y \ v )
Time evolution op. Initial state




Bose+ (2017)

Key idea of BMV Proposals cani vl er o

. GM . GM
®@QGcase P9 (3, X)=— . ®CGcase Y (p)=(— ——
|z — X| |z — X|
Mass src. M, X Particle m, « Mass src. A/, X Particle m, @

-. \|-‘

T e S
e, R R
Gy i Wﬂ f O
WY )

c EI’WG)W D)+ 1R © )
= (D @e?y) +|R) @ e [y))

oL r =—mP L Rt/



Bose+ (2017)

Key idea of BMV Proposals cani vl er o

N GM . GM
®@QGcase P (3, X)=— . ®CGcase Y (p)=(— ——
- X| - X|
Src.
Mass src. M. X Particle m, Mass src. M, X Particle m, =

N -.\\\" . .: :x: ?‘ . ."I,:‘:’I:___ y’| DR ot e,
JLif  YREC 10 ¢ | LmR) O
Py r..' J s ast
VY ¥)

—im(D(QG)()A()t 1
e h — (L) + |R)) ®
1 ﬁ(l ) + | R)) ® |¢)

= — (IL) @ 4ly) + |R) @ e )

Particle evolves differently depending
on the mass source position

» Gravity-induced entanglement



Bose+ (2017)

Key idea of BMV Proposals cani vl er o

. GM . GM
®QGcase P9 (4, X)=-——— ®CGcase @Y (2)= <— —— >
|.CU o Xl |x - Xl Src.
Mass src. M. X Particle m, Mass src. M, X Particle m, =
TN o AN e .
ot e, ot e, /, I___ /I_ »* ." .“-."
oy e 0 € D
WY V)
— i d(RE) (X 1 — i@ (CS) 1
e w#mETT I — (L) + |R)) ® |¢) e” BT —=(|L) + |R)) ® |¥)
V2 \ )\/2
1 - - Y \ Y /
= \_/5 (|L> ® €' ¥) +|R) ® ¢! W)) Time evolution op. Initial state

Particle evolves differently depending
on the mass source position

» Gravity-induced entanglement



Bose+ (2017)

Key idea of BMV Proposals cani vl er o

. GM
®QGcase P99 (& X)=— M ®CGcase @9 (i)=(—-———
|z — X| |z — X|
Mass src. M. X Particle m, Mass src. M, X Particle m, =
===J ==>=<-- o~
\\.""", \"""’i’/l"“l e i R
W W0« W@ @
A ¥)
—Lim® (RS (X))t 1 —Lmd(CG)¢ 1
e —= (L) +|R) @) e 7 —(L) +|R)) ® ¢
1 NG 1 \/—(I )+ [R) @ [4)
— T = L X eiqu w ‘I— R ) eiqu '(/) - L _|_ R 0% e—ﬁm(D(CG)t
\/5(|> ) + |R) [¥)) \f(|>|>) %)

Particle evolves differently depending
on the mass source position

» Gravity-induced entanglement



Bose+ (2017)

Key idea of BMV Proposals cani vl er o

A GM . GM
®QGcase P91, X)=-——— ®CGcase @9 (i)=(—-———
|z — X| |z — X| .
Mass src. M. X Particle m, Mass src. M, X Particle m, =
===l TT>="= -
N snte f \.‘..,‘II,/,___ o ee T RN
iy <=0 « W «O
| D | | I |
—Lim® (RS (X))t 1 —Lmd(CG)¢ 1
e 7 —(|L) + |R)) ® e —(|L) + |R)) ®
1 \/5(| )+ [R)) @ [4) 1 \/5(| )+ [R) @ [4)
= — (|IL) ® €% [¢) + |R) @ e'R = —(|L) +|R)) @ e"am® 1
- (1) ) + | R) [4)) (L) +1R)) )
Particle evolves differently depending | Particle evolution is independent on
on the mass source position the mass source position

» Gravity-induced entanglement » Remains separable



Bose+ (2017)

Pros and Cons of BMV proposals canmy e er o

® \We can distinguish QG/CG by testing gravity-induced entanglement.

® However, gravity of quantum probe is too weak to create enough entanglement!

Dephasing induced by QG (suppose m ~ M for simplicity)
m|®QRE) (L) — dREN(R)|t  Gm? | _t d AX

+= AX— ~n——-uwt
Ps h d? n o W58
itational i _ 2om 7 x 10726 m d \7’ w -
Gravitational coupling 1= a3 2% 10~ kg ) \ 150 pg 27 % 10° Hz
Separation of AX _ |L — R| 3w 107 ( AX )3 ( m )1/2 ( w )1/2
spatial superposition o V R/ (mw) 250 pug 2 x 10~ 14kg 21 x 10° Hz
t~ 10° - ' o
Coherence time Wt o <1001,/ \ 9g Parameters in Bose+ (2017) »  ¢@g ~ 1

Macroscopic system is desired for large n,
but micro system is desired for large AX /o and wt.



Various experimental proposals

® Atomic interferometer Bose+ (2017)

Create superposition of free-falling atoms in a Stern—Gerlach experiment, and test GIE.
© No decoherence from external trapping potential

@ Requires quantum measurement on free-falling atoms

®BECgas . 202

Quantum state of BEC gas evolves into non-Gaussian/Gaussian states under QG/CG.
© Electromagnetic noise can be effectively suppressed using Feshbach resonance.
@ Model dependence. Requires high-precision control to prepare initial Gaussian state

® Mirrors in optomechanical system Miao+ (2020), Miki+ (2024), Kaku+ (2023), Fujita+ (2025)

Create superposition of mirrors by coupling them to quantum photon states, and test Gl&
© Effective potential of mirrors can be freely engineered

@ Decoherence due to photon radiation pressure Today’s talk



BMV proposals and gravitons

® \What do BMV proposals tell us about gravitons or quantized gravitational field?
Newtonian gravity induced entanglement in BMV experiment

(K

Linearized quantum gravity
This is because BMV proposals do not deal with the dynamical gravitational field.

BMV proposals basically provides novel consistency-check of linearized QG at non-relativistic, low
energy scale.

If we want to learn about gravitons, we need to perform experiment in more relativistic scale.

® Some works discussing how can we relate BMV proposals and gravitons:
— Belenchia+ 2018: Existence of graviton naturally solve the paradox in BMV proposals’ setup.

— Martin-Martinez, Perche 2023: Assuming linearized QG and consider the same setup as BMV
proposals, resulting entanglement partially originate from vacuum fluctuation of gravitational
field.

— Carney 2021: Sufficient condition to bootstrap from BMV proposals to linearized QG.



Abstract

® L et's consider 2 masses are interacting under quantized gravity

~2 ~2 2
~ DI L D5 L Gm ’ ‘ ,
H ="+ k37 + == + —kod5 — — | ; \ ,
2m 2 2m 2 |d+ (22 — 21)] . / | | /
3 ‘ = \ | Quantized gravity | /
— 3 types of potential: \ : ] Q
Harmonics oscillator ( k; >0) SN T 7 :
’ | AN / AN
Free ( k; = 0) A A B
Inverted oscillator (k,;, < 0 ) < L g L s
| |
|

1

]

[ ¥

I |} )

] \ I
[ \ ]
I \ I
I 1 1

— We will also take into account decoherence effect from random force.
— Which potential is the most feasible to detect gravity-induced entanglement?

® \We will see that the inverted oscillator case ( k1 < 0, ko < 0 ) generates

entanglement most quickly & is most resistant to decoherence!



Evaluate entanglement generation [g;g;g;gnm]

® ) dependence of entanglement generation at fixed time
(2

From we can construct a logarithmic negativity
o(t) En(t) Logarithmic negativity

It indicates # of Bell pairs. En(t) = Ovhen there r.of
IS no entanglement, and it goes larger as more
entanglement is produced.

We evaluate a logarithmic negativity at fixed time 0-5:-
for various A\ |
(wt =13, n=2p=10"") < ool

 Entanglement is most generated when
both systems are inverse oscillators.

« We will focuson A1 = Agcase from the
next slide. dal




Evaluate entanglement generation [Z;gg;gnm]

® )\ dependence of entanglement generatlon at fixed time
From o (t) we can construct a logarithpo

rrrrrrrrrrrrrrrrrrrrr

It indicates # of Bell pairs. En
Is no entanglement, and it goes.
entanglement is produced.

We evaluate a logarithmic negativity at flxed time

for various A\
(Wt =13, n=2p=10" O _:

« Entanglement is most generated when
both systems are inverse oscillat/”

« Wewill focuson A1 = Aacas
next slide.
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Evaluate entanglement generation [g;g;g;gnm]

® ) dependence of entanglement generation at fixed time
(2

From we can construct a logarithmic negativity
o(t) En(t) Logarithmic negativity

It indicates # of Bell pairs. En(t) = Ovhen there r.of
IS no entanglement, and it goes larger as more
entanglement is produced.

We evaluate a logarithmic negativity at fixed time 0-5:-
for various A\ |
(wt =13, n=2p=10"") < ool

 Entanglement is most generated when
both systems are inverse oscillators.

« We will focuson A1 = Agcase from the
next slide. dal




Evaluate entanglement generation [g;g;g;gnm]

® ), dependence of entanglement generation at fixed time
From o (t) we can construct a logarithmic negativity En(¢)

Logarithmic negativity /
It indicates # of Bell pairs. En(t) = Owhen there Rl ————
IS no entanglement, and it goes larger as more
entanglement is produced. _
We evaluate a logarithmic negativity at fixed time )
for various y ..
A
L 8 0
(wt =13, n=2p=10"") < ool |
 Entanglement is most generated when
both systems are inverse oscillators. | 107
«  We will focus on A7 = Agcase from the | -
next slide. ol I
-1.0 -0.5 | 0.0 0.5 1.0



[ random force

Analytic form of Ey (t) [n gty J

If we focus on \; = \,and assume n, u <& 12 logarithmic negativity is given by

EN(t) ™~ max[?) (Ufgra(t) - deec(t)) ; 0]
Especially for ¢+~ 1 faora(t), faec(t)takes simple form:

i) fdec(t) Behavior of En(?)
] | Harmonics | 1 sin(wt) lwt Decoherence exceed gravity,
N A=-1 (Inverted) - A=+1 9 2 less likely to be entangled.
10 | — x=0 (Free) |
| _ Free l(wt)g l(wt)g If 7> p, entanglement
o _ A=1(Harmonic) _ A=0 6 6 increases by power laws
WO 104 L i
© : ] Inverse 162‘“ lezwt If 7 > K, entanglement
WD 1 A=—1 8 8 increases exponentially
'l S\
? N Dashed line:  fdec(?)
104 . . - - S \ e
Solid line:  fgra(t)

0.5 1 5 10
wt



Time scale to get entangled ["’figraviw

[ random force

® Time scale to obtain sufficient entanglement for A =0 and A = —1.
We first introduce the following parameter:
_ K . L
€ .= — :Indicates how much gravity is stronger than random force.
(0<e<)

__ Requirement from En(t) >0
Then, the time scale to obtain E'n(t) = 0.01 for w = 1kHz is given by

4.2 13 sec (A =0)
Tent =
" 13 % 107245 x 10 % log [e 1] sec (A= —1)

« For € = 1(norandom force), X\ = —1is 300 times faster than A =0
« A = —1 isless affected by smallness of €
— |Inverted oscillator is more resistant to decoherence!

|



Wistone+ (2023)
Grier (2003)

® Optomechanics
Method to control mechanical system

(atom, mirror etc.) with photon radiation pressure. Photon
VaVaVaVe o

® Conventional method to trap a particle using cavity optomechanics

Laser beam

If it is red detuned, particle feels
inverse oscillator potential!

O
<>

Particle oscillation

However...

— Trapped particle is about nanogram scale, which is too light to see gravitational signal.
— Laser shot noise cause terribly large decoherence.



How to realize inverted oscillator?

® Improved method to trap a mirror in sandwich configuration Michimura+ (2017)

4 b .
' mirror

- C Fixed

Upper
laser

<«— Levitated

I mirror
& Earth
Lower gravity

laser

. <— Fixed

/ , mirror

We consider small mirror sandwiched by 2 fixed
mirrors in a vertical direction.
The levitated mirror keeps its balance among

the earth gravity + upper & lower laser pressure.



How to realize inverted oscillator?

® Improved method to trap a mirror in sandwich configuration Michimura+ (2017)

y//// » » We consider small mirror sandwiched by 2 fixed

mirrors in a vertical direction.
Upper The levitated mirror keeps its balance among
: the earth gravity + upper & lower laser pressure.
Ia I Trapping potential of the levitated mirror is controlled

by laser power:

Earth PU/CLU — PL/G,L > () < A >0
gr?Wty PU/G»U—PL/GIL <0 < A<O0



How to realize inverted oscillator?

® Improved method to trap a mirror in sandwich configuration

.

Michimura+ (2017)

We consider small mirror sandwiched by 2 fixed

, mirrors in a vertical direction.
Upper : : :
I The levitated mirror keeps its balance among

laser
> 0 the earth gravity + upper & lower laser pressure.
S]Pring Trapping potential of the levitated mirror is controlled
orce
<: S <—>\Oj by laser power:
Earth PU/CLU — PL/G,L > () < A>0
Lower gravity

laser
: )
If mirror deviates to right,

laser restore it into left
direction (spring force)

J




How to realize inverted oscillator?

® Improved method to trap a mirror in sandwich configuration Michimura+ (2017)

We consider small mirror sandwiched by 2 fixed

mirrors in a vertical direction.

Ubper

T The levitated mirror keeps its balance among
‘ Anti- A > 0 the earth gravity + upper & lower laser pressure.
g . Spring Trapping potential of the levitated mirror is controlled

~force
by laser power:

Earth
gr.?wty PU/CLU — PL/G,L <0 <+ A<O0
N

If mirror deviates to right,
laser further push it to
right (anti-spring force)

J




How to realize inverted oscillator?

® Improved method to trap a mirror in sandwich configuration Michimura+ (2017)

i - We consider small mirror sandwiched by 2 fixed
' | mirrors in a vertical direction.
L::Speerr The levitated mirror keeps its balance among
the earth gravity + upper & lower laser pressure.
Trapping potential of the levitated mirror is
controlled by laser power.
: Earth This setup overcomes the previous issues:
Lower gravity * Mirror mass could be milligram scale!

|a§er  Since laser beam is almost orthogonal to the

mirror motion, laser shot noise decoherence is

almost negligible!



Feasible setup to detect gravity-induced entanglement

%

W

Our calculation setup Vv
pper
laser

Quantized . F
gravﬂy xaf
—> /& . Quantized gravity . %
Random noise ;f. Earth Earth 1
Lower gravhy gravity Lower
Iaser .
—2 3

( n = 2Gm _ 2.7 % 10713 (L) m/d W/

3, ar \—1 m w: —2
shot = 2.5 10—14(—“’ ) ( L ) ( in )
 Hshot 8 1kHz) \2mm 0.1mg 1 MHz

Gravity exceeds random noise and gravity-induced entanglement grows exponentially!
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