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Levitated optomechanics
Global view

Quantum many-particle systems

Macroscopic quantum superpositions
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Optically levitated nanoparticles

Time domain: position

Mechanical oscillator controlled by light e —
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Optically levitated nanoparticles

Mechanical oscillators coupled by light

Dielectric (nonabsorbing) subwavelength (R << A) nanoparticles
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Dipole-dipole interactions

Experimental control Full (nonlinear) expression for the force along z:
in(k(z; — z,
d=18 pm = Fi;j = 2mQg cos(kd + ¢]l) X sin (Zé 7))

tweezer distance
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Relative distance calibration

Interferometric imaging
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M. Reisenbauer, L. Egyed, H. Rudolph et al, Nat. Phys. (2024)



Dipole-dipole interactions

Nonreciprocity Full (nonlinear) expression for the force along z:
in(k(z; — z,
d=18 Hle Fi;j = 2mQg cos(kd + ¢ ;) X sin (Zé %))

V2 A
relative tweezer phase
B tweezer distance
~__

Different interference phases lead to nonreciprocal interactions

R=105 nm —

R el
0, % o, g cos(kd + Ap) = g, + gq
v ‘ﬁg{ v gr = g.cos (Ap) cos(kd)

Ja = g.sin (Ad) sin(kd)
Linearized interaction: sin(k(zj — Zi)) ~ k(zj — Z;)

Z1 + 171 + Qfzy = 2Q(9, — go) (22 — 71) + $tn1(t)

. . 2 .
Zy + Y2z, + Q525 = 20(9, + 9o) (21 — 2) + $tn2(t) M. Reisenbauer, L. Egyed, H. Rudolph et al, Nat. Phys. (2024)
Full quantum theory: H. Rudolph et al, PRL 133, 233603 (2024)



Different interaction regimes
Fully reciprocal, unidirectional, purely antireciprocal

Reciprocal (conservative) Unidirectional Anti-reciprocal (non-conservative)
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Non-Hermitian dynamics

H
A
oY wy +iy, ( A wz + iy Exact PT Broken PT
ih— = Hy ,s“J . L@\
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Complex Hamiltonian H: =
dat ~ 11 EP
o
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. T _1 =
Balanced gain & loss — Parity Tlme reversal (!DT) symmetry
allowing for real eigenvalues -2
2
o PT symmetry breaking at the ~ 17 }
Variation of parametersof H — Exceptional Point (EP) % 0
Eal 1
PT symmetry breaking transition strongly affects system dynamics -2 5 ; 5

Here: Non-Hermitian dynamics stems from nonreciprocal interaction!

Carl M. Bender & Stefan Boettcher, PRL 80, 5243 (1998)
Kosmas V. Kepesidis et al, NJP 18, 095003 (2016) Mohammad-Ali Miri, Andrea Alu, Science 363, eaar7709 (2019)

B. Peng et al., Science 346, 328-332 (2014) 0



Non-Hermitian dynamics / linear theory

PSD [a.u.]

M. Reisenbauer, L. Egyed, H. Rudolph et al, Nat. Phys. (2024)

Purely anti-reciprocal interactions
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Experiment: control of interactions

Magnitude of interactions: trap polarization
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Motional correlations
Oscillation amplitude and mechanical relative phase
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Purely anti-reciprocal interactions

Non-Hermitian dynamics / full theory

Nonlinear model for the complex amplitudes of motion:
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M. Reisenbauer, L. Egyed, H. Rudolph et al, Nat. Phys. (2024) "



Limit cycle phase diagram

Phase diagram: experiment vs theory
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Limit cycle phase diagram

Phase diagram: experiment vs theory

Limitcycle O 1 2 3 4
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Hopf bifurcation
1.0 1 LIV /
4 4 >
o 0.8
M)
G
I<T = 0.6
o $]
2 # % = I I // Hopf Bifurcation
> 0.4 - e I
LOJ ; I I /
02 2 f PT - symmetric
01 ) : E |/
0.0 0.5 1.0 0.0 I/ | _ . (i)
a./y 2 0 2 4

M. Reisenbauer, L. Egyed, H. Rudolph et al, Nat. Phys. (2024)

Detuning AQ/y

"oV A (‘o)A (‘ov/A

(oA



Motional correlations

Locking of mechanical relative phase
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M. Reisenbauer, L. Egyed, H. Rudolph et al, Nat. Phys. (2024)



Conclusions

Non-Hermitian dynamics via light induced anti-reciprocal interaction
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Phase locking in the motion of particles Nonlinear dynamics resulting in mechanical lasing

M. Reisenbauer, L. Egyed, H. Rudolph et al, Nat. Phys. (2024)

See also similar work by collaborators @ ISI Brno: V. Liska et al, Nat. Phys. (2024)
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Outlook: time dependent interactions ¢ {JREstt
Light induced interaction between two trapped nanoparticles

Stationary:

Reciprocal interaction:
J. Rieser et al, Science 377, 987 (2022)

Anti-Reciprocal interaction:

M. Reisenbauer, L. Egyed, H. Rudolph et al, Nat. Phys. (2024)

Full guantum theory: H. Rudolph et al, PRL 133, 233603 (2024)

Time dependent:

Detuned interaction:

In preparation...
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