Quantum photonic interface between
spin and mechanical oscillators
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Room temperature long-lived macro-spin

NoiseTemperature < 300 nanoK

N <0.03

thermal

Frequency 10%-10’Hz

T, 0.01 - 10 sec

|Alkane wall coating|protects
spin quantum state
for > 10% wall collisions
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Spin ensemble = inverted (m<0) harmonic oscillator
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Zugenmaier,
Dideriksen,
Albrecht,
Sgrensen and ESP.
arXiv:1801.03286
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Negative mass
oscillator
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Spin coherence > 3 msec at RT

Spin readout

High quality anti-relaxation coating material for rate ~ photon
alkali atom vapor cells flux and optical

M. V. Balabas"*", K. Jensen', W. Wasilewski', H. Krauter®, L. S. Madsen',
J. H. Muller', T. Fernholz', and E. 5. Polzik' depth



Optical coupling to oscillating spin

J, % = J," cosQt — ], sin Ot

Lock-in
amplifier




EPR

B. Julsgaard, A. Kozhekin, EP, Nature, 413, 400 (2001)
Var(X — X,)+Var(P+PF,) <2

Var(jzl+jzz)/2\]X +Valr(jy1+jy2)/2\]X <2
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Spins which are “more paraIIeI” than that
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Standard quantum limit
of displacement measurement

«fleisenberg microscope~

particle N. Bohr

W. Heisenberg
y Var(X )Var(P )>1/4
photon

THE UNCERTAINTY [X, P] = |

PRINCIPLE



Quantum limits for detection of motion

Var(X )Var(P )>1/4

X1 4p(t) = Xsin (wt) + P cos (wt)

X And yet, arbitrary small
perturbations in
BOTH position and momentum
can be measured
simultaneously



Trajectories without quantum uncertainties

in negative mass reference frame

s

E.S. Polzik, K. Hommerer. Ann. der Physik 527, A15 (2015).

See also: W. Wasilewski et al. PRL, 104, 133601 (2010).
Tsai and Caves, PRL2010 K, Hammerer et al. PRL102, 020501 (2009).

M. Ozawa



3 steps to noiseless quantum trajectories

1. Define trajectorg relative to a quantum reference

2. Reference system has an effective negative mass

2. Bntangled state of the reference and
the probed systems is generateol

“Experimental long-lived entanglement of two macroscopic objects”.
B. Julsgaard, A. Kozhekin and ESP. Nature, 413, 400 (2001)

“Establishing Einstein-Podolsky-Rosen channels between nanomechanics and
atomic ensembles”. K. Hammerer, M. Aspelmeyer, ESP, P. Zoller. PRL 102, 020501 (2009).

“Trajectories without quantum uncertainties”. K. Hommerer and ESP, Annalen der Physik . (2015)



Trajectory in a quantum reference frame

AP+P,

- >

X_X():XXO_)O
X-X, P+ Py—-0

Probe system entangled with origin system

X(dt)xo =X(0)xo

(X — X,)dt

= X(0)xo +(P — Py)dt




Trajectory in reference frame with negative mass

P+P,
— EPR state relative to a
X-X, negative mass origin

X(t)xo =X(0)xo + (X — Xo)dt
= X(0)xo + (P + Py)dt =
= X(0)yo + classical dynamics

m=-my=1
AYYO




Oscillator: mass, spring constant, frequenecy <o
X(t) = X(0) cos(wt) + P(0) sin(wt) /m

Oscillator in negative mass (m = - m,) reference
oscillator frame:

X(t) — Xo(t) =
|X(0) —X,(0) Jcos(wt) + [P(0) + P, (0)]sin (wt)/wm

Var[X(t) — X (t)] < 1

EPR:
Var(X — X,)+Var(P+PF,) <2




Quantum Optomechanics
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Quantum back-action-evading measurement of
motion in a negative mass reference frame

Christoffer B. Meller'*, Rodrigo A. Thomas'*, Georgios Vasilakish?, Emil Zeuthen!?, Yeghishe Tsaturyan', Mikhail Balabas"*,
Kasper Jensen!, Albert Schliesser!, Klemens Hammerer? & Eugene S. Polzik!

Phonon
states

LETTER doi:10.1038/nature22980




Distributed HYBRID quantum system of SPIN and MECHANICS
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Challenge: two oscillators are very different | E

- Mechanical oscillator: Emil ‘ﬂ y
Bandwidth 0.1 Hz
- 5%10° thermal

quanta at 4K
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1-2 thermal excitations




Matching quantum bac
hybrid mechanical —s

K actions for

0in system

Matching "masses” ¢

) Matching
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Quantum back action onto spin oscillator| ,'** = J,"°“cosQt — ], "sin 0t
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Mechanical oscillator.
Cooling + Q back action

400F + 2.4 vacuum B
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See also: Regal group, Science 2013; Stamper-Kurn group, Nat. Phys. 2016



Quantum back action evasion
in the spin
reference frame .

QBA Var[X — X,]

%) ——— reduction:

Spin OFF

Thermal
membrane
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C.B. Mgller etal. LETTER doi:10.1038/nature22980
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|28 Selected for a Viewpoint in Physics

week endin
PRL 116, 061102 (2016) PHYSICAL REVIEW LETTERS 12 FEBRUARY 2016

S
Observation of Gravitational Waves from a Binary Black Hole Merger
| —— B. P. Abbott ef al.’

(LIGO Scientific Collaboration and Virgo Collaboration)
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Broadband
QBA evasion
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LIGO — LARGE INTERFEROMETER FOR GRAVITATIONAL
WAVE OBSERVATION

-

SOON TO BE LIMITED BY QUANTUM BACK ACTION OF LIGHT

Atoms




Quantum back action evading detection of gravitational waves in a
negative mass reference frame. —

F. Khalili and E.S.P. arxiv.org/abs/1710.10405

Gravitational Wave

No cha nge is GWD core @p}t}fcs requ ired
A . Spi " " Interferometer
tomic Spin
I:h
System
D1 1064nm laser |/~ 1
A

See also:

Y. Ma et al. GWD with EPR light. Nature Phys. 1, 2017

Jaekel and Renaud. Phase rotation of squeezing. EuroPhys Lett. 13, 301, 1990

H. Grote et al. Squeezed States of Light in GWD. PRL 110, 181101 (2013)




F. Khalili and E.S.P.arxiv.org/abs/1710.10405

Simulation for LIGO
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