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field noise - heating - backaction

no clamping loss - no substrate coupling

No thermal anchor
Internal temperature - heat removal

o—0

Trap shaping - release & retrap

Other noise channels remain

gas collisions - bb radiation - stray fields
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3D motion - large excursions FrTa
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Levitation does not remove the environment; it creates a different,
highly engineerable system-environment interface.




From quantum control to fundamental tests

Gravity with quantum systems
quantum sources - entanglement

Matter-wave interferometry Quantum-to-classical transition
Linearity tests - spatial coherence decoherence - collapse models

New interactions
short-range gravity - dark matter - 5th forces

Force & inertial sensing
acceleration - rotation - weak forces
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Three ways to strengthen quantum experiments

EXPLOIT
THE PLATFORM

- quantum resources -

What resources can
the physical platform give us?
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( IP

Pentacene contains a short-live electronic
triplet state that can be optically excited

Selection rules strongly favor the
© O occupation of one of its three triplet states

Through dipole-dipole interactions polarisation
Transfer to the nuclear spin ensemble is possible

In bulk, has
been demonstrated, with a remarkable
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Continuous Spontaneous Localization model
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Feynman thought experiment
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1957 Chapel Hill Conference on the role of gravitation in physics

> Test mass
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In modern quantum information parlance we call this entanglement

), @ W), = |L), ®|L), + |R), ® |R),

If there is entanglement »

Gravitational evolution is
NOT of LOCC form
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Initial state i i Final state
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, Local Operations and Classical Communication
separable I k I possibly entangled
Gravity induces ‘

the map

All possible maps

No increase of entanglement
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Stability thresholds

Initially mixed state Run-to-run variations of the setup geometry
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The gravitational signal can demand extreme geometric stability

ANGULAR STABILITY (rad) POSITION STABILITY (m)
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Vibrating shield
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Parallel orientation

| ¢

Entanglement dynamics with a shield

a) Single mode (1,1) b) Multiple modes
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Non-gravitationally mediated entanglement

Entanglement mediated through the shield
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Take home message

EXPLOIT
THE PLATFORM

Internal degrees of freedom can
enlarge the quantum-control toolbox
and the states we can access.

ASK THE
RIGHT QUESTION

Find the simplest sufficient
operational signature.

The witness can be a design
degree of freedom:
e. g., entanglement-free tests of gravity

TAKE THE
APPARATUS SERIOUSLY

Unwanted interactions can suppress
the target signal, or even provide an
alternative mechanism for it.
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“..every saint and sinner in the history of our species lived there
-on a mote of dust suspended in a sunbeam.”
Carl Sagan, Pale Blue Dot
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Feynman thought experiment

1957 Chapel Hill Conference on the role of gravitation in physics

> Test mass

Source mass

In modern quantum information parlance we call this entanglement

I there | Gravitational interaction is Quantum theories
ere s entanglement NOT of LOCC form Loop Quantum Gravity

String Theory
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Gravitational entanglement
J. S. Pedernales and M. B. Plenio, Contemporary Physics, 64:2, 147-163 (2023)

< >
X
a‘ )
M,
p p S. Bose et al. PRL 119, 240401 (2017)
o Gm..m o C. Marletto and V. Vedral,
Vint (£, 35) = T ot N S PRL 119, 240401 (2017), ...
D+ 2, — Ty
9
2G - ! L ! L
MM T ' '
I A= o ® Az, Axy,
D3 \
v
77 — ﬁ Agpanb T. Krisnanda et al., npj Quant. Inf. 6, 12 (2020),
2 N A2 T. Weiss et al., PRL 127, 023601 (2021),
| D° > (@ — @1)%) p P F. Cosco et al., PRA 103, 061501 (2021),
X
Az,

Maximize AT



Can | run the experiment with initial coherent states?

H =wgata+wpb'v+n(a+a") (040" = wea'a +wpb'™d + n(ab’ + a'b) + n(ab+ a’d?)
JY\/ JY\_/

Two-mode

Gm Beam-splitter .
Squeezing

a D3, Jw,wy

Y



Can | run the experiment with initial coherent states?

H =wgata+wpb'v+n(a+a") (040" = wea'a +wpb'™d + n(ab’ + a'b) + n(ab+ a’d?)
JY\/ JY\_/

Gm Beam-splitter wo-mode
N = Squeezing
D3, Jw,wy

l l

resonant non-resonant



Can | run the experiment with initial coherent states?

H =wgata+wpb'v+n(a+a") (040" = wea'a +wpb'™d + n(ab’ + a'b) + n(ab+ a’d?)
JY\/ JY\_/

Gm Beam-splitter wo-mode
N = Squeezing
D3, Jw,wy

" | l

o Hbs ~ waaTa -+ CUbbTb -+ n(abT + CLTb) resonant non-resonant



Can | run the experiment with initial coherent states?

H =wgata+wpb'v+n(a+a") (040" = wea'a +wpb'™d + n(ab’ + a'b) + n(ab+ a’d?)
JY\/ JY\_/

Gm Two-mode

B Beam-splitter Squeezing
D3 Jw, oy,

" | l

—_——— H..~w,a'a+wb'b+ n(ab‘L + aTb)

Y

resonant non-resonant

Initial coherent states

e—iHbst/h do not get entangled!!

‘OéA> X ‘ozB> —_——— - |(cos(nt)aq —isin(nt)ap)) @ |[(cos(nt)ap — isin(nt)aa))
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H =wgata+wpb'v+n(a+a") (040" = wea'a +wpb'™d + n(ab’ + a'b) + n(ab+ a’d?)
JY\/ JY\_/

Gm Two-mode

B Beam-splitter Squeezing
D3 Jw, oy,

" | l

—_——— H..~w,a'a+wb'b+ n(ab‘L + aTb)

Y

resonant non-resonant

Initial coherent states

e—iHbst/h do not get entangled!!

‘OéA> X ‘ozB> —_——— - |(cos(nt)aq —isin(nt)ap)) @ |[(cos(nt)ap — isin(nt)aa))

Can | determine the LOCC character in the absence of entanglement?
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An operational way of setting the problem

Ludovico Lami, Julen Pedernales, and Martin Plenio, PRX 14, 021022 (2024)

My guess is that gravity is Ugrav

Gravity > 0> .

P(QWUsm) = 3 pa Te W20 Vst 1)l U] =1

& = {pom ‘¢a>}a
|¢ > gfaV |¢Oé>

(are youin | ) ?)

V) —> {w W1, T — |, mw}

P(QILOCC) = Zpa Tr(|yl b | ALocc ([Pa)tbal)] < F(E, Ugrav)

Simulation fidelity — F(&,Ugay) =  sup Zpa Tr[ |17, X4 | Arocc ([Ya)tal)]
AeLOCC
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Entanglement-free test with 2 levitated nanoparticles

Choose two states Prepare two Let them Measure in a Build the
from & oscillators in these interact suitable basis statistics for
states gravitationally P(Q)
for atime t
— 0 O -
T T Q C
/ / /
o )an] lag)as)
if P(Q) > F(e,t) gravity non-LOCC

No large delocalisations required Prepare and detect coherent states with sufficient precision

No entanglement required Long coherence times required
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Quantum control of the mechanical degrees of freedom
of nano- and micro-scale particles suspended in a vacuum

Optical tweezers, Paul traps,
magneto-gravitational ...

~[10-7 =109 m
~ 1 0-17 — 10—11] Kg
~ [108 - 1014] # atoms

silica, diamond, ....

-

Credit: J. Adam Fenster, Univer ester, CC BY-SA




Collisions with surrounding gas molecules
Fluctuations of the trapping potentials
Vibrational noise

Internal heating

Black-body radiation

Magnetic defects, dipole moments...
Surface noise

(Gravitational noise

Credit: J. Adam Fenster, Unive 3ster, CC BY-SA



