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Levitated Nanoparticles and

Foundations of Quantum Physics

* Quantum control of levitated Levitation in Cavity @ 4mbar
nanoparticles in high vacuum

*  Macroscopic quantum superposition states
and decoherence in the presence of ‘
gravity

« Design and proof-of-concept for a
satellite-based experiment
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Nikolai Kiesel
Rainer Kaltenbaek
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Quantum Non-Demolition
Measurements and Tests of Quantum

Gravity
*  Quantum state control through
qguantum non-demolition
measurements of macroscopic
mechanical devices
« Towards low-energy tests of quantum
gravity predictions

Sungkun Hong
Michael Vanner
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pﬂ‘ I ' AXAp = - 1 1)
,” 2 Mc
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f’_’_’_ 4 { forbidden by fxsp=h #
VA \quamum gravity ¥
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Fundamentals of Low-Noise
Mechanical Resonators and Optical
Coatings

* What are the ultimate stability and
precision limits for lasers and
gravitational wave detectors?

* What determines the ultimate low-
temperature mechanical losses in
multilayer mirrors?

Garrett D. Cole

Dissipation: 1/Q (x1075)

10 20 30 40 50
Auxiliary beam position (um)
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Solid-State Quantum Information

Interfaces
«  Quantum entanglement between light
and micromechanics
« Single-photon control of micro- and
nanomechanical devices
* Micro- and nano-optomechanics at
ultra-low temperatures

Witlef Wieczorek
Simon Groéblacher




WP2: Photon-phonon interfaces

Main objective: implementation of coherent interconversion between
microwave/optical photons and MHz/GHz phonons

Optical
cavity

Microwave
cavity

Tasks:

Task 2.3: Optomechanical Correlations and Photon-Phonon Conversion

Task 2.4: Strong Optomechanical Coupling for Single Photons

Deliverables:

D2.3 Detection of optomechanical correlations by means of quantum filtering techniques (Month 24)
D2.4 Coherent photon-phonon conversion in an optomechanical system (Month 24)
D2.5 Demonstration of large single-photon optomechanical coupling rates (one order of magnitude

improvement in gy/k) at cryogenic temperatures (Month 36)




Optomechanical quadratures
detection of correlations (entanglement)

light: amplitude and phase quadrature  mechanics: position and momentum

xi(t,d) = () cos ¢ + y () sin ¢ Tm(t,0) = x5 (t) cost + p,,(t) sinf
direct measurement only indirect determination
via homodyne detection via measurements on light

field




Optomechanical state reconstruction

mechanical
position and momenfum

measurements on
optical field

time

coupling to light is governed by

* fime-delay: cavity decay «

* lype of interaction: detuning of light A
* strength of interaction: OM coupling g

simple example: resonant, adiabatically coupled optical drive

A

= 1
. oP = =

8 "‘ , A — 0 _} :1:'f';rl VICI 1y£

o g, Wm < K

0

o

T. Briant et al., Eur. Phys. J. D 22 (03)
0 P Verlot et al., PRL 102 (09)

dx
Change in Cavity Length



Optomechanical quadratures

real-time determination of x(t), p(t) allows for feedback on mechanical
system by optical field for

optical feedback cooling of mechanical motion

S. Mancini, et al., PRL 80 (1998)
J.-M. Courty et al., Eur. Phys. J. D 47 (2001)
C. Genes et al. PRA 77 (2008)

teleportation, entanglement swapping

Hofer, Wieczorek, Aspelmeyer, Hammerer PRA 84 (2011)
Hofer, Vasilyev, Aspelmeyer, Hommerer, PRL 111 (2013)

statistics of x(1), p(t), x/(1), y,(t) allows for determination of 15t and 2"
order moments for

reconstruction of Wigner function
characterization of optomechanical entanglement

D. Vitali et al, PRL 98 (2007)
M. Paternostro et al., PRL 99 (2007)




State estimation

Estimation is the process of inferring the value of a quantity of
interest from indirect, inaccurate and uncertain observations:

a parameter (ime-invariant quantity)
the state of a dynamic system (evolving in fime according to
stochastic equations)

Filtering is the estimation of the state of a dynamic system
(“filtering out the noise”).

e.g. determination of planet orbits, fracking an aircraft

R. E. Kalman, Transactions of the ASME, 82 (1960)
Y. Bar-Shalom et al., Wiley (2001)
R. Stengel, Dover (1994)

System Measégrrgln:nent Prior
Srror. SoLrce information
System .
Dynamic | state |Measurement [JMeasurement | giate State estimate
system system estimator | Giate uncertainties




State estimation: an example




h

State estimation: an example

f.r(:])|:(r])(-’f|51)

measurement at t;:

conditional density of best estimate and uncertainty
position due to measurement 1

;f*(tl) = 21

U(fl) — Ty

measurement at t,

<1 Zo X

see Maybeck, Stochastic models, estimation and control, Academic Press (79)




State estimation: an example

T x|t 2() ¥ 121 22)

best estimate and uncertainty

due to measurement 1 and 2

f‘(f_)) — [
o(ls) =0
predicted state actual measurement
X R VS &« . . predicted measurement
T(ta) = x(t1) + K(t2)[22 — Z(t1
L 2
Kalman gain ]\( ) _*_0

see Maybeck, Stochastic models, estimation and con’rrol, Academic Press (79)




State estimation: an example

system dynamics:
move with constant, but somehow uncertain, velocity u

dr __ . )
T = U -+ W

with white Gaussian noise
w ~ (0,02)

!

T T \
1(&/ O (f%_) \

:(t) z(t3) N

see Maybeck, Stochastic models, estimation and control, Academic Press (79)




State estimation: an example

best estimate and uncertainty
before measurement

#(t3) = (t2) + u- (tz — ta)

()

02(t3) = 02(ty) + 02, - (t3 — t2)

T(ta)  2(t) z(t3) N

see Maybeck, Stochastic models, estimation and control, Academic Press (79)




Kalman-filter algorithm

.
-
a“/

-

1) propagation of last estimate X,_;* via
known system dynamics to prior state X,

'

s,
.,
\..

2) measurement Z, takes place

3) measurement is taken into account to

estimate posterior state X, *




Linear dynamic system: state space model

linear dynamic system with deterministic input
u(t) and white Gaussian process noise w(t) and
measurement noise v(t)

plant equation

b £(t) = A()z(t)+ B(t)ul(t) + w(t)
2(t) = C(t)x(t) + D(t)u(t) + v(t)
—~

measurement equation

>

Kalman filter is optimal filter for linear Gaussian dynamic systems

posterior state estimate actual measurement
* &~ o
’i; = (4; 1’!;‘ L+ Br_1up— 1) + K|z — (Cfc—lfi?k + Dk—luk—lﬂ
k K |\ i o
A alman gain “
predicted state predicted measurement
minimizes mean estimation P={X - Y(Z)H-Y _ ‘i'(Z)]T>
error covariance " |




amplitude noise Sjj(w) [dB SN]

Optomechanical state space model

measurement
noise

absorber
bandpass

/S \fp——

mechanical

noise
amplitude + phase

noise \

phase noise SM("’) [dB SN]

f MH
requency [MHz] frequency [MHz]

Wieczorek, Hofer, Hoelscher-Obermaier, Hammerer, Aspelmeyer, et al. in preparation



Optomechanical state space model

OM system
(linearized Langevin equations and zero-mean Gaussian white process noise)
+
linear measurement
(includes zero-mean Gaussian white measurement noise)

Lm = WmPm
X — pm — —WmLm — A//'n'l p m Q (ac + (Li) Y 2”7‘71.6
a. = —itAa.— KA. — 19Ty, + V2Kaiy

Z = { Lout = V 2’17170(@) i mill(gb)

. measurement X...state vector
Kalman-filter noise Py...probability
distribution
process
noise

> system measurement state X 2).p:
X, Py Z estimation ( s Px

R. E. Kalman, Transactions of the ASME, 82 (1960)
Y. Bar-Shalom et al., Wiley (2001)
R. Stengel, Dover (1994)




Experiment

optical control of cavity-OM system via two optical beams

A = 0 mechanical quadratures
g =02k [ xu(1),pm(t)
fiber Read-out beam } e

LO

..... Qdelay
: I I EOM
< ( A

PDH)

a

split PD |
[

Isolator PD (Amp Lock),zlr

|

homodyne 99* A\
cool

m EOM dilution

" refrigerator

Legend
delay |Z, Polarizing beamsplitter (+A/2)

: a2 A4
[‘:S:;"‘G PD T LO E Faraday Rotator
Beam el EZT g
_ PD o 0o » Direction of Cooling Beam
P re p difference D rvin 9 bea m » Direction of Locking Beam

| Ae = wm | optical quadratures
go = 0.2k = g. = 1.6k x.(1),y.(1)




Measurements Z(t)=(z, (1), z, (1))

weak
coupling

Voltage (a.u.)

Frequency (MHz)

Wieczorek, Hofer, Hoelscher-Obermaier, Haommerer, Aspelmeyer, et al. in preparation



Estimated mechanical and optical quadratures X(t)=(x.,(),p., (1), %.(1),y.(1)T

weak 9=0.2«
coupling 600
400
200
0

-200}4

p,@u.)

’

-400

-600

Time (us) Time (us)

1000 ———————————1——1——
750 I i
500 i
250 i

0

p,, (a.u.)

-250 |

-500 -

750 .

1 " 1 N 1 L 1 N | N 1 N 1

00 L— .
-1000 -750 -500 -250 O 250 500 750 1000
X _{(a.u.)

m

-10

Wieczorek, Hofer, Hoelscher-Obermaier, Hammerer, Aspelmeyer, et al. in preparation



Estimated mechanical and optical quadratures X(t)=(x.,(),p., (1), %.(1),y.(1)T

intermediate 1000 —————————
coupling g;ﬂ%'BSK 750 .
500 |- §
400 +
250 | -
":":“ 200 N —_ b
~.‘."‘; 0 A g o -
£ L e r
o o 350 -
XHE -200°F
400} T ]
600 ; 2 » T g o ]
Time (us) '1002@‘%!'560? 250 0 250 500 750 1000
ime {us . '\(\- ® - -
; < on s\\\\ x_(a.u.)
S rong g=1 _6}\' O\UO‘\ 10— T T T 1
couplin 600 rgto- &Y '
phing Qur™ ' 750 .
400+ 500 L ]
; 200} - 250 L ]
© | " : - ]
s AN A N | _
Q. ©
=~ -200 ‘ { [ ]
o 250 | -
400} : ]
500 | -
-600 . : - ]
0 1 2 3 50| ]
T i ]
Ime (}15) _1000 " 1 M 1 L 1 L 1 " | " 1 1 1 "
-1000 -750 -500 -250 O 250 500 750 1000

X_f{a.u.)

Wieczorek, Hofer, Hoelscher-Obermaier, Hammerer, Aspelmeyer, et al. in preparation



WP2: Photon-phonon interfaces

Main objective: implementation of coherent interconversion between
microwave/optical photons and MHz/GHz phonons

Microwave
cavity

Mechanical
resonator

Tasks:

Task 2.3: Optomechanical Correlations and Photon-Phonon Conversion

Task 2.4: Strong Optomechanical Coupling for Single Photons

Deliverables:

D2.3 Detection of optomechanical correlations by means of quantum filtering techniques (Month 24)
D2.4 Coherent photon-phonon conversion in an optomechanical system (Month 24)
D2.5 Demonstration of large single-photon optomechanical coupling rates (one order of magnitude

improvement in gy/k) at cryogenic temperatures (Month 36)




OpfomeChClniCCIl felepor'l'aﬁon Hofer, Wieczorek, Aspelmeyer, Hammerer, PRA 84 (2011)

state transfer Entanglement part: Palomaki et al., Science (2013)

a
@) 5 A I Alice and Bob share an entangled state
xepo | Viktor's state shall be teleported to Bob

Xin Pin

m:**m

(b)

Xglm,l):;,m
\ mx teleportation fidelity
DDy
X, P, Y 2 =1
© Fip = (14 Agpr/2)
d_’ better than classical, if
Xloul Plout
X5 P b
Agpr < 2
wm/2m Om Thatn i 1y 2o/2m Kopt/2m Topt Popt Zopt/2m Agpr
3.8 MHz 10° 200 mK 1100 0.0 4.8 Hz 3.2 MHz 2.5 us 30 mW 0.97 MHz 0.7
3.7 GHz 10° 200 mK 0.7 0.7 910.0 kHz 0.26 GHz 041 ps 6 W 0.032 GHz 0.1
3.7 GHz 10° 1K 3.7 3.7 910.0 kHz (.31 GHz 0.30 s 8 W 0.040 GHz 0.5
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