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Abstract: Understanding gravity in the framework of quantum mechanics is one of the great challenges in modern physics. Along this line, &
guestion is to find whether gravity is a quantum entity subject to the rules of quantum mechanics. It is fair to say that there are no feasible ic
to test the quantum coherent behaviour of gravity directly in a laboratory experiment. | will introduce an idea for such a test based on the pt
that two objects cannot be entangled without a quantum mediator. | will show that despite the weakness of gravity, the phase evolution indt
the gravitational interaction of two micron size test masses in adjacent matter-wave interferometers can detectably entangle them even when
placed far apart enough to keep Casimir-Polder forces at bay. | will provide a prescription for witnessing this entanglement, which certifies ¢
as a quantum coherent mediator, through simple correlation measurements between two spins: one embedded in each test mass. Fundame
above entanglement is shown to certify the presence of non-zero off-diagonal terms in the coherent state basis of the gravitational field mode

Zoom link: https://pitp.zoom.us/j/99584743899?pwd=aHI1cVIpK29ZVDkrdFZyM01GemJJdz09
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Witnessing Quantum Gravity via Entanglement
Quantum Gravity induced Entanglement of Masses (QV) pl"OtOCOl

Anupam Mazumdar -

rijksuniversiteit
groningen

Observing the Quantum nature of a system is NOT limited to evidencing (%) corrections

to a Classical theory: Instead hinges upon verifying tasks that a Classical system
CANNOT accomplish

Bose + AM + Morley + Ulbricht + Toros + Paternostro + Geraci + Barker + Kim + Milburn, [ArXiv: 1707.06050]
(First reported in 2016 Workshop in ICTS Bangalore with all the authors)
Bose+AM+Schut+Toros [2201.03583, 2203.11628]
Biswas+Bose+AM-+Toros [2209.09273] (Gravitational Optomechanics)

See Also: Marletto and Vedral appeared on the same day [1707.06036]
Fundamental limits on Gravitational Decoherence due to killing Horizon + Connection to Gravitational Memory:

Belenchia, Wald, Giacomini, Castro-Ruiz, Brukner, and Aspelmeyer (2018),
Danielson, Satishchandran, Wald (2021, 2022)
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Plan: Unambiguous’ test for the quantum nature of
gravity in a lab

* QGEM Protocol ( testing QM and GR)
* Quantum Gravity Optomechanical Experiment

* Experimental Challenges & Future outlook

Quantum Properties

Classical
counterpart

* Quantum Superposition } No

¢ Quantum Entanglement

* a loop-hole free test
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Classical vs Quantum Correlation

“ $ 12(|00)<00|+I11)(11|) ? ® ,k' #(l01)-[10)) :*’

o’ perfectly correlates with cr o. perfectly correlates with cr
' does not correlate with o “ perfectly correlates with o’
o, does not correlate with o o' perfectly correlates with 0'_1.

R~ S S~

(a) A CLASSICAL correlation in a bipartite system involves the correlation of a certain
sub-class of properties

(b) A QUANTUM correlation in a bipartite system also involves complementary
correlations of incompatible properties. We have a freedom to select which one to extract.

Entanglement is a correlation which describes system (b)
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Does Gravity follow the rules of QM?
There are various camps

(1) Spacetime is Classical: Gravitational interaction is Classical

2
Gmm, G hm;m, o

V(r) ~ —
(r) N 3

(2) Classical / \

No Quantum Origin (3) All the terms are Quantum in origin
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Assumption & Observation

Type -STrengTh' Range ~ Mediator

strong 1 10'5m | gluons (8)
elecfr'c-.- 102 00 photon
magnetic

weak 10-° 108 m w', w, Z°

gravity 304 0 graviton

Key assumption:
All the Interactions

are QUANTUM in Nature

Observation: In the limit when 7 — 0 Quantum Correlations DO not vanish, although
it might become more challenging to detect, as shown for two entangled large spins.

Finite violation of a Bell inequality for arbitrarily large spin

Asher Peres”
Department of Physics, Technion-Israel Institute of Technology, 82000 Haifa, Israel
(Received 20 August 1991)

A pair of spin-j particles, prepared in a singlet state, move away from each other and are examined
by two distant observers. A simple experimental procedure can produce a 24% violation of a Bell
inequality, for arbitrarily large j.

PACS number(s): 03.65.Bz
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Maximal violation of Bell’s inequality for arbitrarily large spin

N. Gisin
Group of Applied Physics, University of Geneva, 1211 Geneva 4, Switzerland

and

A. Peres
Department of Physics, Technion - Israel Institute of Technology, 32 000 Haifa, Israel

Received 4 November 1991; accepted for publication 2 December 1991
Communicated by J.P. Vigier

For any nonfactorable state of two quantum systems, it is possible to find pairs of observables whose correlations violate Bell’s
inequality. In the case of two particles of spin j prepared in a singlet state, the violation of Bell's inequality remains maximal for
arbitrarily large j. It is thus seen that large quantum numbers are no guarantee of classical behaviour.
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Key Challenges

Cooling the c.o.m

Purity of the All the information & Cooling the Observable/
Quantum —> about the ruler, e.g. —> bulk —> Witness/
System Defect in the system EM shielding Measurement

Finite box effect
Minimising noise
Macroscopic -14 _ <
Quantum System ' 10 10kg, ling = Is
Macro molecules ( Arndt’s group )
Large Spatial . 1074 = 10°m m ~ 1072%kg, Ax ~ 0.25um
Superposition

Atom ( Kasevich’s group )
Optical cavity with high intensity

High Intensi ’ m ~ 107%kg, Ax ~ 0.5m
< Y coherent photon, e.g. MegaWatt -
Laser beam P e
etaWa

Biggest Challenge =——1jp» Funding
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No Entanglement via Classical Channel (field) !

Product State Entangled State
Classical channel/field: No Hilbert (% %) (o)
space, classical probabilities, and not
Operator valued entities [ < I 5 ) [ 2 I - ]
V) = [¥)a ®|¥)B V) # |¥)a®|¥)B

(Pure I Trace] &dl Trace)

o It is impossible to generate/increase
entanglement between A and B by local
operations and classical communications (LOCC)
if A & B were product states initially.

& Bennett, et.al, (1996)
Lo Q;('};)
=7 |

LOCC keeps Separable state Separable ( Cannot Entangle )

Pirsa: 23010060 Page 8/37



Entanglement Non-Increasing Property

Unitary evolution

A ® | —|10)4 W) 4| R P51 0)p will maintain
PP v Us ﬂ, Separability
A\, (1 Classical B A
l*}( ) Gravity J ’k( )
p®)=> > Y p@)p@)pk) Arbitrary classical
i j k correlation will
x Ai i (O)0)a(W]aAl ;) ® Bix®@)p(@lpBl, (1) Mamain the

LOCC cannot entangle
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separability of the
States

Marshman, AM, Bose (2017)
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Entanglement Witness

An entanglement witness W is associated
with a hyperplane such that the set of
separable states are on one side.

For every entangled state p there exists W
which can distinguish entanglement

HorodeckKi et al., 1996;
Terhal, 2000

Tr(Wp) =20 Tr(Wp) <0

Non-detected entangled
states

Detected
entangled
states

Separable states

Tr(Wp) 2 0

e.g. W=IVQ®I9Y-6"®c? -06"®@6” - 6" @06, Tr(Wp) <0

Genuine Quantum Correlation does not Vanish !
Basis independent Entanglement between systems exist, e.g.

C= \/ 2(1 — tr(p?)), S, =—Ttp,Inp, # 0

Pirsa: 23010060
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Entanglement in a Toy Model

Wl) — |0>A|O>B " o) =

S ConIn) V)

n,N

-

|yg) ~ (|0>+ ZAnln)) - (|0>+ ZBNIN)) + ), (Cw—ABy) In)N)

n>0 N>0 n,N>0

(n|(N|Hy,z|0)]0)

C,v=2A 0 )
LOQC - 25 —E —Ey # Entanglement!

H AB - QED, Phonon mediated interaction, Gravity, or any Quantum Interaction
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Entanglement in a Toy Model

|¢1> — |0>A|O>B " ) =

S ConIn) V)

n,N

-

|yg) ~ (|0>+ ZAM) - (|0>+ ZBNIN)) + ), (Cw—ABy) In)IN)

n>0 N>0 n,N>0

(n|(N|Hy,z|0)]0)

C,v=2A 0 )
LOQC . 25 —E —Ey # Entanglement!

H AB - QED, Phonon mediated interaction, Gravity, or any Quantum Interaction
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LOQC: Local Operation & Quantum Communication

8w =My+h, |h,|l<l If fzw is an Operator, then what will be AH o1

my, FA A Gm2
\.\ mpg, P p I |§7A — CfJBl
~@— ~ G(3p% — 8papm + 3p%)

2¢?|t 4 — ZB|

~4 22 22 ~4
in the gravitational field _ G5 — 1804P% + 5Pp) 5o

8cim?2|Z4 — ]

Quantum fluctuations

If gravity is quantum, then the AH , (change in the gravitational energy) is an Operator—

valued quantity. We will inevitably mix the position and the momentum operators of the
two quantum systems
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Entanglement in a Toy Model

Wl) — |0>A|O>B " ) =

S ConIn) V)

n,N

-

|yg) ~ (|0>+ ZAnln)) - (|0>+ ZBNIN)) + ), (Cw—ABy) In)N)

n>0 N>0 n,N>0

(n|(N|Hy,z|0)]0)

£ =i 0 0
LOQC N 25 —E —Ey - Entanglement !

H AB - QED, Phonon mediated interaction, Gravity, or any Quantum Interaction
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LOQC: Local Operation & Quantum Communication

8w =My+h, |h,|l<l If fzw is an Operator, then what will be AH ot

my, FA ~ Gm2
\.\ mpg, Pp I |§7A — §JB|
~@— ~ G(3p% — 8papm + 3p%)

262|§:’A — :f?Bl
~4 52 A4
in the gravitational field _ G(5P% — 18p4P% + 50 5
8cim?2|Z4 — |

Quantum fluctuations

If gravity is quantum, then the AH , (change in the gravitational energy) is an Operator—

valued quantity. We will inevitably mix the position and the momentum operators of the
two quantum systems
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Two H-Os & perturbative Quantum Gravity

NS\

Perturbative
Quantum Gravity
. da . ) d .
$A=—§+5-’BA, B = §+5$B-
A Gm? 5 Gm? Gm?,_, . Gm? . L
A = Tea-ap AHoR Ttz (083 —0%4) - (57 _ 857 )2

Entangle

Bose, AM, Schut and Toros 2201.03583
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Position-Position Entanglement

A A it
R _ - "1‘ e — T A )
58a =\ g —(@+al), 8ip = [ o —(b+b), A, (1) AN\s B; (1)

pa =iy T Gt —a), = iy T (b — D)
4 4 A ” 7 G
Hap =~ hg(ab+ a'b+ ab’ + a'b") 9=
= 2 _ 9
9i) = 10)4l0) 5 V) = a1 2, DIV
Concurrence (Entanglement): C = ﬁfg‘ >0 C = \/ 2(1 — tr(ﬁi))
o, 0<C<y/>2
Entanglement Phase: |AQ| = S _Er _ 2Gm’s (Ax)
ho h hd \ d
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Quantum Superposition of Non-Gaussian States

A P superposition of

superposition of & \J\f\f i/ \ r
system 1 M e N}gj‘i‘, system 2
- WWANNN TR

- /
; . Vi
", ‘.’. gravitational . .*
e o Interaction . 3

&= '

D (tima)) = eIy (D) + €497 [} + €947 1), {11), + 4% 1), )

Apry = ¢y — ¢ and Adyr = ¢y — ¢

Gm? 1 1 1
Dot = Apry + Aoyt = Py + byt — 20 = ——bine (d—Asc A —23)
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Entanglement Witness in presence of Decoherence

System-1 System-2 1 e~ tAdrL g—t e~ iAdLt o—t e 2t
< d . _ 1 e'z'Aci?Ne—'yt 1 (ei(AqbaM—Ar;bTJ())e—}yt ez’Acf)aMe—'yt
(1) P= 7| eidbirg—t (e~ (Adri—Ad1)) o270 1 il L1 g— 7t
(2) ® e—2fyt e—iAqSﬂ,e—-yt e_iA‘f’LTe_’Yt 1
Virtual
graviton ||L, 1) T
$ » @ _ .
Ry Witness for Quantum Gravity
Ax
4 —> —2~t
(3) \@/ (W> - TI‘(W,O) =1- e_ﬂ(sin Aqbﬂ, == sin A¢¢T) == g 27 (1 + cos (Agﬁ’ﬂ’ =5 A(,?f?J_T))
4)
- : W) = Te(Wp) = 27t — & Tr(Wp) < 0
T = LY P = = eff p

Spin Correlation Measurement

Spin Entanglement Witness for
Quantum Gravity

m~ 1071% =107 Pkg, Ax ~ 100 — 10um, d ~ 500um, 7~ 1s = A¢, .~ O(1)

ent
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Casimir & Dipole Entanglement

v 23hc RS (e—1 2
= 47 r7 \e+ 2

Casimir interaction will also
entangle the two Diamonds




Entanglement Witness in presence of Decoherence

System-1 System-2 1 e~ tAdrL o—t e~ tAdLr gt e—2t
d . 1 | eiddrLe—t 1 (e(Adti—Adt1))o =21t  ildry =7t
(1) P= 7 | eidbirg=7t (g=i(Adri—Adr))e—27t i iApL1 o=t
(2 /®\ ) G_Qi e e_iA¢T¢e_'Y)‘6 g AL et ’ 1e
Virtual
graviton ||L, 1) T
¢ \1‘/ \Jf, . .
) Witness for Quantum Gravity
Ax "
+—> —2vt
(3) \@/ (W) = TI"(W,O) =1- 6_% (sin Aqbﬂ, + sin A¢¢T) — E 9 (1 + cos (Agﬁ’ﬂ’ = Aq?f)J_T))
4) v‘} %
WAHNNANAN W) =Te(Wp) =27t = e Tr(Wp) <0
Spin Correlation Measurement
Spin Entanglement Witness for
Quantum Gravity
m~ 1071% = 107Pkg, Ax ~ 100 — 10um, d ~ 500um, 7~ 1s => A¢,,, ~ O(1)
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Many Applications

Weak Equivalence Principle via Entanglement

Probing beyond GR via Entanglement Tomography

Probing axion via Entanglement Tomography
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|l

Probing Gravity via Entanglement Tomography
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] | | \wl I T B I| I 1 T 1T Irril
IUPUl EXCLUDED REGION
- 2016 =
moduli
Stanford 2003,
- 2005, & 2008 —
1 Colorado 2003 |
Eot-Wash 2020
| Edt-Wash 2007
dilaton Eot-Wash 2004
HUST 2017}
2016
| 2 2020}
f— -
L L1 111 I| 1 1 L1 11 lll 1 1 | I
2 5 & 2 % O 5 )
1072 i 107
A (M)

0.001
A (m)

(1 + afge_rﬂ)

— R=10"%m
R=10°m
R=10"°m

E-W 2020

E-W 2007
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Many beautiful challenges

® Preparation of the initial wave packet

® Neutralising e.m. charges

® Cooling the diamond internally

® External cooling (minimising decoherence)
® [ evitating

® Avoiding black body radiation
® Avoiding scattering
® Avoiding collision with air molecule

¢ Creating superposition ® Maintaining spin coherence
® Closing one loop interferometer e Controlling the current

® Humpty-Dumpty problem (stability) ® Exciting internal phonons

® Reading Out ® Gravity Gradient Noise

® Repeating to build statistics ® Relative Acceleration Noise

There are still some unknown challenges from the BSM physics
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Dephasing/Decoherence (Entanglement)

A Black body Gas Coupling to
radiation molecules  other degrees
of freedom

Field

fl lon
uctuations Unknown

sources
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Creating the Ground State

5 N 4 oO.. Decoherence Rate = Interaction Rate
__jg_'pi Y — Fa”, + AAx
hw/c og‘ e O 7 O Phonon-dipole-photon interaction
8 162nR? [27K,T
o(w) = |a(w)| . — o
3 air —
3 Mgir
16 e— 1>/ kgT\"
8! ——((9)g? — | =2A,
97TC( )a ¢ € + 2 ( hc ) Joos, Zeh (1985)

Schlosshauer (2008, 2010), Adler (2006),
Hornberger, Spie (2003), Romero-Isart (2012)
External temperature Kanu, Milonni (2021)
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Cooling/Ground State (Decoherence)

107 4
1071 4
107 3
103 4
10~ 4
1075 4
167 o
1077 +
10-® 4
1079 4
10729 5
1651 o
10732 3
10-13
1074 5
10-15 4
10716 4
10—17 :

y[Hz]

air scattering
- ==+ blackbody scattering
= == blackbody absorption
~ + blackbody emission
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1 2 3 4 5
Te [K]

Van-Kamp, Marshman, Toros, Bose, AM, 2006.06931
Schut, Tilly, Marshman, Bose, AM, 2110.4695

Page 27/37



L4
ad

superposition of §

F superposition of
: system 2

system 1 M J\é
: ANANNIN NS
. . . % »
AR gravitational %,
‘e 4t interaction L
- -

How many repetitions?
N

2 qubits
1.00+ e -
L~ ;
AT
0.95 4 -
<
£ 0.0
[19]
(&)
]
5 0.85
- — y=0.025
(=]
< g y=0.05
y=0.075
D5+ == y=hl
| FE % 99.9% confidence :
5000 15000 25000 35000

Number of measurements
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103

Entanglement Phase including Dephasing

(Deff = 1ﬂjitter + Fgg

Allowed region

p =3.5 g/cm?
T,e=0.15K
m,=28.97 amu
€=5.68 + 1.1:107%
9,8=10*Tm™?
T=500 ms
m=10"1° kg

N=57

...................................................... - _,.,...ﬂ'f:-:.‘.—::
==
/'//
/‘/7/”
=
/
o —— Tl K
/ Tex=2 K
7 Tex=4 K
7 — Tu=6K
4
/ _____ (Yt)max
05 10 15 20 25 30 35
ny (M=) aef
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Hamiltonian for the NV centre

€—— NV(O)

1 =g center

o rV— .
H=—p+mgt+hDS2—2"B? _nyS. B

2m 20 Tie-:

)
Zero-field - a NV- color ,5/\ :
—_ lamagnetic ) 1
Splitt t rt »
plitting - centre pa -
_30p B = (By — nx)X + nyy
o U(Sx=+1) - : NG
L, 2 K — — U(S=-1)
g, 20l : l 0.010
1
>ﬁ\ I 0.008
o 1.5¢ - 0.006
g | |
!.I_.I 1.0t i 0.004
% 0.5 i [ 0.002
2 I g
T 0.0t | B[ ()
0 100 200 300 400 : ;:
X (um)
ve = (2m) 28 GHz/T the electronic gyromagnetic ratio Marshman, AM, Folman, Bose. 2105.01094 [quant-ph]
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Levitating the Micro Crystal

-1
U=mg —)(—B2

244

B~ O @,~a,~a,~ 21X 0(10 - 100)Hz

Frequency range to trap the Motional Ground state

C.O.M via Active Feedback Mechanism by tuning the ambient magnetic field

40 - 40 p——
!0.4455
20 ' 20 “0.3888
[ ; 0.3321
EL 0 g ¥ 0.2754
= f : 0.2187
- =0.1620
T -20 £0.1053
. |0.0486

-40 ‘ — — n e . . _ _40 | —

-150 -100 -50 0 50 100 150

-20-10 0 10 20 pgagnetic field (T)
z (pm) X (pm)

We will also need to cool the rotational degrees of freedom

Jen-Feng Hsu, Peng Ji, Charles W. Lewandowski & Brian D’Urso , Nature (2016)
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Cooling the Phonons: Locating the Defect

o ~ 10'°’Hz (for micro diamond)

iy

pP

YYYYYYYYY

]

'

Levitating Magnetic field

@, ~ o, ~ @, ~ 2z X 0(10 — 100)Hz

Trapping C.O.M

Phonon Cooling

Challenge: How would you take the phonon energy and cool the bulk?
n, ~ "%t~ 6(1) = T< 107°K
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