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Introduction

[1Quantum nature of gravity

(i : Newtonian constant Quantum gravity
Unification of Quantum mechanics

and General relativity

/I No widely accepted theory and

experimental evidences

h : Plank constant

/ Gravity should be quantized ?
U

/ Non-relativistic gravity is described in
1/c :1/light velocity quantum mechanics ?

Test of quantumness of non-relativistic gravity by quantum entanglement was proposed.

Bose (2017), Marletto (2017)



[1Gravity-induced entanglement

Quantum entanglement : Nonlocal correlation known in quantum mechanics

Entangled state
W)as 7 [¥)a IX)B

Interaction given by g-numbers or operators generates

Not generated by Classical evolution ( local hidden variable theories, LOCC)

A B If gravity is g-number A B
O O O O #l)alx)s

Quantum entanglement can be generated

Gravity-induced entanglement can be the evidence of quantumness of gravity



Gravity-induced entanglement in matter-wave interferometers

[1Setup for two matter-wave interferometers Bose (2017), Marletto (2017)
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Measurements of spin correlations



Gravity-induced entanglement in matter-wave interferometers

[1Setup for two matter-wave interferometers Bose (2017), Marletto (2017)
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Measurements of spin correlations

If no gravitational interactions

How to generate quantum

and are independent entanglement by gravity ?



C1Time evolution
Bose (2017), Marletto (2017)
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[1Generation of quantum entanglement

Gmlmg
. . . . =VT/h ' V=——"—=
et |11) [T2) + €92 [L1) [T2) + €2 [11) [L2) + €™ [11) [{2) ¢ / |y — @,
~([11) + €2 L) )[t2) + (I111) + [41)) [L2)  |zir — @2n] < other distances
G2 # 2nm then, entangled state # [¥1) |x2)
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wpicaly &~ g ~100( 1) (== ) (357m;)
t=0
4 N
____________________ 2. 2] @ (L) + R (L) +[R))
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The value of the interaction changes . g-number

Gravity described by g-number generates quantum entanglement



Gravity-induced entanglement in optomechanical systems

[1Basic model for optomechanical systems

Photon Photon For optomechanical interactions,
|:| Gravity |:| Balushi (2018) : perturbative analysis
\ /

. , Miao (2020) - linearized analysis
Oscillating mirrors

(quantum harmonic oscillator) (dissipative system)

Entanglement of oscillators or photons

Our research
non-perturbative and nonlinear analysis for optomechanical couplings
mechanism of gravity-induced entanglement of photons

comparison with guantum decoherence of photons



[1Setup

Half mirror \ _
E Photon | Suspended mechanical rod
Source Z axis

f S
Mirror
Photon Gravity

Mirror Gravity
Balushi (2018) Suspended mechanical rod Source

Half mirror
Photon

Mechanical rods oscillate in the horizontal plane

Gravity acts among mirrors attached to the rods



[1Analysis for a simple model

Y
\—Simple model Mirror Half Mirror
X-y plane Photon Source
Photon
] Gravity S
Photon

Source Photon

Half Mirror Mirror



[1Analysis for a simple model

Y

Simpl del
‘ MPIE MOdE 4 Mirror
X-y plane Photon

Photon \_
— ] Gravity
Source / |:| Photon | | ||
Half Mirror Mirror

If no gravitational interactions

andq] are independent

~

Ph

\

Half Mi

L 1

oton

[ 1]

rror

Source

Y

How to generate quantum
entanglement by gravity ?

In the following, | explain the Hamiltonian of our simple model.



[1Optomechanical Hamiltonian

Frequency of photon Light velocity 0 (8 :
nmc nmec Tm Lm
We = > w(ry) = ~ W — —We <
V= l+ £+ om ¢ |:| Photon i~ |:| H
Hamiltonian of photon Oscillator
T — hw.ote T (5 = hols\ete sfa_ Me .
H.=hw.'c ——> H(Zy) = hw(Zy)c'¢ ~ hwee'e — / T C ¢

Optomechanical Hamiltonian

~2
2 [l IR p 1 ~ hw ~ AT ~
Hopt.mech. — thCTC + ﬁ + §m912nx12n — EC.’L'mCTC

photon "
oscillator photon-oscillator



[1Gravitational interaction : Newtonian gravity

x-y plane mass mMp
‘ displacement xy,

Gravity

Tl

/ |:| , H@mﬂ displacement Za
mass M < > %a = Tb

Newtonian potential

Gmymy,

/R + (Ba — 1)

Gmamyp
2h3

oscillator-oscillator (cross term)

~

~ const + (Z0 — 21)°




dTotal Hamiltonian

v 5
S —
H = H R < >
H,+ Hy, +Hap ‘) & P
. . . I PN
+H.+ Hq V—— Gravity ,\
. . ke d> lq
_|_Ha,,(31 + Hb,dl We / |:| ! | H A
‘1 qa
Harmonic oscillators (dimensionless, quadratic) oscillator-oscillator
o hwa , , . Gmy (quadratic, couple by gravity)
a — (pa_l_Qa) wa:Qa_l_ h3 N G My 1M
P2 Hap, = —Tydady 7 = Gl
~ b, N Gma ) h?) a
b= (Bh+d) “b=%+ 5 et
Photons (quadratic) photon-oscillator (third order, nonlinear)
[ 7 A A A A (A afa A A, = ¢ g
He.= h’wc(clcl + C262) Ha,Cl = _h)\awaclclqa T wale N 2maw,
; T ; o 5 [k
Hq = ﬁwd(didl + d2d2) Hy q, = _h)\bwdedIQb Ap = d
. \ 2mpwy,

whla



[1Conservation of photon numbers and diagonalization

photon-oscillator (third order, nonlinear) Conservation of photon numbers
f o~ ) I ~ Py
Ha,cl — _h)\awaCICIQa [Nph; Ha,cl] = [Nph; Hb,dl] =0

-~ ~

i ﬁb,dl = —h)\bwbdidléb Nph = 51513651621, 5352, déﬁz

Hamiltonian is block diagonalizable

For an eigenstate of photon numbers é‘;él in,n"y, =n|n,n"), 6362 in,n"y, =n"|n,n"),
H|n,n"y,_|m,m') |¥). 4 as well as the system d
C a,

= |n,n), |m,m")q (Eph + Ha + Hy, + Ha, — Edawanda — Edpwpmds) ) e

Eon = hwe(n + 1) + hwa(m +m) Linear order for oscillators

The part of oscillators (operators) is
at most quadratic order
quadratic Hamiltonian one can solve this system

ﬁa + ﬁb —I—ﬁa’b Harmonic oscillators+gravity



[1Entanglement between two photons

Initial state  Superposition of a single photon  Ground state of an oscillator

1

\/§(|0’1>C+ |1,0>C)® ’0>a db 4

|lein>

~

Co

Gravity
’05 1>c:‘§;|0>c ’1a0>c:‘51’0>c

—
as well as the system d / |:| ) [@\ﬂ
REA

N = Z Al A eigenvalues of partial transposed matrix p}f;‘;
A <0

N >0 = PAB : entangled

Negativity

Horodecki (1996), Peres (1996), Vidal(2002)

In general, it is difficult to compute the negativity, however,

pea(t) = Trap [[\If(t))(\l!(t)@ 4x4 matrix *.* photon numbers are conserved

easy to compute

\

dq
® (0. D0+ 1,00 o 0} } | T. ™ H\;

da

1

N



[1Negativity between single photons

Negativity between each photon in and q]
small couplings  Aa, Ab, 7/ v/Wawp K 1 g
...................... —— ﬂmﬂ |:| /
0.5f -
0.4} - ©2 Cravi Al —
[ ravi
0.3 _ —— Y ;
> ?
0-2¢ ] / |:| —
01f ] &1 ‘ |qma H \____J
0.0 | | | :
0 50 100 150 200
VO, Qpt/2m
Negativity approaches 0.5 — maximum for a 4x4 matrix
| . | T v?
The time scale realizing the maximum  t5 = (1 — ) v x G
’}/)\a)\b WaWhp




LGenerating mechanism of entanglement v o G
~ A-’- ~
. . A q w — - AW, C C
Potential of the oscillators q—= [Aa] M=|"" K jg= | 2
dp - Wwp )\bwb dldl
~ 1 AT . . . . .
Vose/h = 3 ' Mg — 3G Harmonic oscillator + gravity + photon-oscillator
= (g - M) M(g - M) — 257 MYG S Leledldy
5 2 te 'Y 1 G
¢ ats 3 photon-photon

—iﬂ—clrcldlrdl (

|Oa 1)(3 + ’1: 0)0)(|03 1>d + |1a 0>d)

t =15
——> (|0, 1)c +[1,0)c)[0,1)q + (]0,1)c — [1,0)¢)[1,0)g  maximal entanglement
- equilibrium point changes by radiation pressure
N |:| it depends on separated photon states because of gravity
displacement of Gravity frequency of each photon changes
equilibrium point (phase of photon state changes)

|:| H Quantum entanglement generates



[1Decoherence for photons coupling

H H Bté¢+Bé  B= m/ dw g(w)b(w)
0
photon leak  Bf¢ 1) |0), = [0), BT |0), conversion between
a photon and an external field

For simplicity, we stimulate this phenomenon by GKSL equation
Gorini(1976), Lindblad(1976), Breuer(2007)

—p = —_[IAJJ P(t)] + Ke Z [25@1051 — {8153, P}] + Ke Z [2&3,00/!\1 — {&Z ngl, p}]
i=1,2 i=1,2
von Neumann eq photon leak and amplitude damping k. dissipation rate

(Schrodinger eq)
more appropriately, we need the quantum master eq

or quantum Brownian motion eq

In this analysis, the negativity between single photons is given as

N e—2rct Ar the negativity typically remains
until a single photon decays



CJEntanglement generation vs Decoherence

0.5f
Required condition for generation of entanglement 04
2 0.3}
T Y i t
t. < 1 ts — (1 — ) Z . S
Relg ’}’)\a)\b Walh D.E;
01F
without gravity, ook _
0 50 100 150 200

2, Oy : frequency of oscillators

A, Ayv : optomechanical couplings
P P9 N >0 =—> PAB : entangled

Ke < \/gagbAaAb
Va2, 1+ ga+ 90 g = G, g = Gma  parameters characterizing
h3 2 h3QF  the contribution of gravity

Aa ~ Ap ~O(107h) ga ~ gp ~ O(1071) small but extremely large

Re

Qa2

< 0(10—3) review paper Aspelmeyer (2014)

O(1072) It seems to be difficult
In present experiments



Summary

[1We investigated the gravity-induced entanglement in optomechanical systems.

[1We solved the nonlinear dynamics nonperturbatively by using the conservation law
of photon numbers.

[1We found the maximal generation of entanglement between single photons.
[dWe clarified the generation mechanism of entanglement of photons.

[1From the comparison with decoherence time of photons, we give the condition
for the dissipation rate to generate the entanglement sufficiently.



