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“Quantum” mechanical resonators ...

W ~ 1 MHz

~ 10pum

j )

=N

macroscopic mechanical
systems in the quantum
regime !

~
= Quantum limits to
force measurements !
= Quantum enhanced
sensing applications !
_/
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“Quantum” mechanical resonators ...

W ~ 1 MHz

j )

~ 10pum

=N

macroscopic mechanical
systems in the quantum
regime !

-

~
optical
superconducting cavity .
qubit Mechanical transducers for
guantum information
membrane processing applications!
capacitor
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“Quantum” mechanical resonators ...

P W ~ 1 MHz _ |
macroscopic mechanical

: () > systems in the quantum
> regime !

~ 10pum

________ Macroscopic superpositions
& fundamental tests of
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e Quantum Mechanics !
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*Macroscopic” guantum superpositions ...

“microscopic”

“macroscopic”

~1000 atoms [1]

[1] M. Arndt (Vienna)

~10"12 atoms
“macroscopic”

B

>
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“*Macroscopic” guantum superpositions ...

4 )

e QM is essentially unexplored for massive
objects !

e Alternative theories and (gravity induced)
collapse models predict corrections to QM !
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Quantum physics with macroscopic objects ?

W ~ 1 MHz

TN

)

~ 10pm

Goal:
® Macroscopic superpositions

e macroscopic quantum interference
phenomena

.
-----------
-
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Macroscopic quantum interference ...

( _ ) t
e charge qubit + resonator [1]: e} |au(T))
island ': > U
9)10) | '
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I resonator
\ Y
4 . . ) %
e photonic qubit + resonator [2]:
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[1] A. Armour, M. Blencowe, K. Schwab, PRL (2002)
[2] W. Marshall, C. Simon, R. Penrose, D. Bouwmeester, PRL (2003)
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Macroscopic quantum interference ...

levitated
nano-particle

= double split experiment
with massive particles !

O. Romero-lsart et al. PRL 107, 020405 (2011); Talk by N. Kiesel on Friday !
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Quantum mechanics vs. “realism” ...

—

el g
+1 r Source a +1
o

Correlation between spatially separate measurements:

|[E(a,b) — E(a,b’) + E(a’,b) + E(a'd")| < 2 < 2V2

local realism quantum
(hidden variable mechanics
theories)

J. S. Bell, Physics 1, 195 (1964);
J. F. Clauser, M. A. Horne, A. Shimony, R. A. Holt, PRL 23, 880 (1969)
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Quantum mechanics vs. “realism” ...

temporal correlations:

—Z(t1) Z(t2) >
Z(tg) Z(tg) —>
A. Leggett t!1 t; 7;3

= Leggett-Garg inequality:

C(t1,ta) + Clta, t3) — Clt1,t3) <1 < 1.5

“macro-realistic” gquantum
theories mechanics

A. J. Leggett and A. Garg, PRL 54, 857 (1985).
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Probing “realism” with massive objects ...

Goal:

@ n\’\ = C(ty,t2) + Clta,t3) — C(t1,t3) < 1

» Direct test of the most fundamental aspects of quantum physics
In the macroscopic domain.

» Unambiguous experimental signatures to distinguish the
predictions of quantum mechanics from those of classical physics
or more general (hidden variable) theories.

Wednesday, September 11, 13




Probing “realism” with massive objects ...

Goal:

bt’\,\ ,‘—\‘-\‘ C(tl,tg) -+ C(tg,tg) — C(tl,t3> <1

Problems:

e Experimental difficulty of preparing quantum superpositions of
large objects.

e Fundamental test of quantum mechanics are often formulated for
discrete systems. Extensions to continuous variable systems not
straightforward.
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This talk ...

Ramsey correlation measurements:

A T Z

SIE

Y <2 2
. At
""" o le) <—>/\ B a /a 2
"1\ 9) ),
—0—9) 0 t1 77 to
LG violation
/ Wmax

e | eggett-Garg Inequality:

C(t1,t2) + Clta, ts) — C(t1,t3) < 1 o7t |

» Conceptually simple & experimentally realistic scheme !

» Versatile measurement tool for various fundamental test of qguantum
mechanics with massive objects !
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Setup ...

read-out

two level system
(qubit)

| \ .
..... it macroscopic
/ > SN _— mechanical
L\,\ 9) ; resonator
“~_
W

Qubit-resonator

coupling: H = wa'a + >\(CL—|—CLT)‘€><6|
A
/\
. 1)y Magnetic coupling
) ’ 4 . .
! o : to spin qubit.
mechanical et 7 .7 \ /2 P
resonator ~ Magnetic AN mw
* sp::ub]t\"“-::::\'m PR et al. PRB (2009)

\
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Setup ...

two level system
(qubit)

| \ .
..... |e> macroscopic
/ L\A\ > SN _— mechanical
e ‘ g> - K resonator

Qubit-resonator

coupling: H = wa'a + Aa + aT)\(i} (€]

A

A

lead

Cy(a) A. Armour et al., PRL (2002)

ot - 1 . Tian, PRB (2005)

Electrostatic coupling to
istand superconducting qubits.

\
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Setup ...

two level system
(qubit)

b ----- l ----- o A macroscopic
/ L\,\ ‘ ’ T — mechanical
eadeot o g) resonator
\_/
w
Qubit-resonator
coupling: H =wa'a + Aa + aT)\(i} (€
A
A
DscilloTcF-ﬂ./TW""" Tiny Mirror
~ | Radiation pressure force
L Pes wa s [~— between mirror and a single photon.
D;J i (Tas 150:5:::]'-:.:;_....---...HE,_;-
| ] W. Marshall et al. PRL (2003)
DM
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Setup ...

two level system
(qubit)

| \ .
..... |e> S macroscopic
/ L\’\ € E Lo N / mechanical
e ‘ g> 3 resonator

Qubit-resonator

coupling: H = wa'a + Aa + aT)\(i} (€]

e A frequency shift of the excited state « to the resonator displacement
— Ramsey measurement !

e A state dependent force acting on the resonator mode
= quantum backaction !
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Magnetometry / Ramsey measurements ...

) i) i) iv)
T
«— — 7
9) I I
time

(e.g. magnetic
field)
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Magnetometry / Ramsey measurements ...

) i) i) iv)
T
«— — 7
9) I I
time

Wednesday, September 11, 13




Magnetometry / Ramsey measurements ...

) i) i) iv)
T
«— — 7
9) I I
time

) lg) — %<|g>+ew|e>>

) = s (19 + e Ole)

DO | =

i) s o (140D Jg) o (14 10D |
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Magnetometry / Ramsey measurements ...

) i) iy iv)
d le): Z =+1
I% 7 %I Z \/J.‘
9) :

9): Z=-1

1
iv) Measurement: Pt = 5(1icos(gp d(7)))

Example:

O(r) = 93‘;37 < 6B

(constant
magnetic field)
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“Quantum Magnetometry” ...

NV defect el
center
g
Qubit-resonator
coupling: H =wa'a+ Aa+a)le) (e
N /

/

= Use Ramsey method to detect “quantum field” z(¢) 1?
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“Quantum Magnetometry”

1) i) i) iv)

Y
) &) a())
19)[0) ' P
910 T
) 19)[0) % (Ig) + ¢]e)) [0)
i) 7 (19)10) +/ew<ﬂ e)le (T \
A .
— ot = 2 (emtemT — 1)

“geometric phase”

Wm
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“Quantum Magnetometry” ...

1) i) i) iv)

& 7- >
9)10)

o T
) 19)0) = <5 () +¢1e)) 0
= a0+ e ea(n)
o O, 0+ elai),

~ -
-------
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“Quantum Magnetometry” ...

Z 9): Z=-1

1) 1) i) 1v)
le): Z =+1
<& T > M
900 |

0) — e*?Ja(7))

) ) = _

l9) + 5 e)

V) e Probabilities: p+ =

DO | —

e Conditioned resonator state after the measurement:

0) £ e*?J(7))

V) + = N
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Collapse & revivals ...

1 2
P =3 (1 + cos(@)e 1)l /2>

qubit plopulation

9)10)

~
-------

A. Armour, M. Blencowe, K. Schwab, PRL (2002);
W. Marshall, C. Simon, R. Penrose, D. Bouwmeester, PRL (2003); ....
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Collapse & revivals

Py = (1icos( 5)e~ () /2)

1
2

C
O
©
. >
\‘ 8_
: > U Q'
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\‘ " o)
9)10) |, ) 2
(o

~
-------

1 1 I I +H

8 3
3
[ 4

A& Mo drive
& Driveon

o
(=]
|

o]
L=
1

driven, thermal
(T=300 K) resonator !

5]
[=]
1

Fluorescence (% change) m
s =4
=] [=]
| 1

o I | | | | |

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5
Free precession time t (ys)

[1] S. Kolkowitz et al, Science (2012); S. Bennett et al. NJP (2012)
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Ramsey correlation measurements ...

A ™
: P N

7
At IH

//
Va4

™
20X

Z(t1) = +1
ldea:

Conditioned on the outcome of the first measurement the resonator is
projected into one of the superposition states
0) £ e*?la(r))

2,/P+

Use correlation between the first and second measurement to probe
guantum superpositions over a time At .

) =
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Ramsey correlation measurements ...

T Z T Z
PR 72N
| At |
9) pau)
A ’ ’j ‘\
,/'x A'x
A A A

~a -
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Ramsey correlation measurements ...

T Z
2

s
2 X

«

7
At W

’0> -+ €i@‘051> A

+y
ot =

Four-partite cat state:

0) +ePt|are

A )

A
A

|

[ H)g) + 1) e)

i9> +¢1°2 | o) iei(951+951+7) ‘ale—ie + )

[p=IT) =

4,/p+ /

= Im{asaie’}
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Ramsey correlation measurements ...

T Z T Z
2N 2N
At W
, i‘
gy = 10+ Plan) a” P
2\/P+ ™) g) + [T e)

Four-partite cat state:

0) 4771 |aq e~ ) £ €22 |y ) e (P1H21E7) | ag e~ 0 4y

4/p+

[p=IT) =

= Conditioned probabilities: Dt|+5 P+|- = (Z(t2)Z(t1))
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Ramsey correlation measurements ...

T Z Tz
2N 2N
At IH
. w7 >
t;
Z(t)Z (¢
(£,€) n )
s - | c
T ol - ] 5///// |
Re(¢) Re(az)

Wigner function of the correlations between the
conditioned state two measurements
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Ramsey correlation measurements ...

T Z T Z
72N 2N
9) |g> m
0
"
(£,€7) (&:¢%) (Z(t2)Z(t1))
—°r | .I | . o7 - - —~5r -
L uy N
E 2z E] Z R '
oF . 4 oF i 5 4
Re(¢) Re(€) Re(as)

Wigner function of the correlations between the
conditioned state decoherence two measurements
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Ramsey correlation measurements ...

W(E,£Y) (Z(t2)Z(t1))
B T T /____J“_\ 06
5 - | _>5 2
- i 0.4
o - e
o 0 b TZZ
8 — :
i A5 - ?5 0.2
2 ¥ 2 8
8 = - g°
0 - = 5 .
——
5 /\5
« - 3 -0.2
£ =0
~ —
O . ] 5 N S
S ] e e 1 -0.4
0 5 5 0 5
Re(f) Re(Oég)

= The correlation function C(t1,t2) = (Z(t2)Z(t1)) provides direct
measure for the survival/decay of macroscopic superposition states !

= During the waiting time the resonator is decoupled from the qubit !
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Levitated objects ...

(a) Optical trap
0. [ T-n "’ O\ e : : :
— %J S )—;— optically levitated nanodiamonds
.-, (I " + NV centers !
. N o (Z.Yin et al, arXiv:1305.1701)
o Vg
9
(a) v, ()
f oo " magnetic levitation +
: . ‘ superconducting flux qubits
1O TS
’ R (O. Romero-Isart et al. PRL 2012;
| M. Cirio et al. PRL 2012)
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Ramsey correlation measurements ...

coherence

B et I

-5

0
Re(ag)

1
5

0.6

-0.2

-0.4

Not a
PROOF yet!

= The correlation function C(t1,t2) = (Z(t2)Z(t1)) provides direct

measure for the survival/decay of macroscopic superposition states !

= During the waiting time the resonator is decoupled from the qubit !
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Leggett-Garg inequalities ...

— [z Z(t) .z <1
Z(t2) Z(ts)F— Clti,t;) = (Z(t;)Z(t:))
_— Z(tl) Z(Itg) —> t, < tj
t f s

= For any “macro-realistic” system these correlations are bound by the
(Wigner type) Leggett-Garg inequality:

C(t17t2> + O(t27t3) — C(t17t3) < 1
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Leggett-Garg inequalities ...

— {z() Z(ts) .2 <1
Z(ts) ) Cltity) = (Z(t;)Z(t:))
_— Z(tl) Z(Itg) —> t, < tj
£ t:g s

“Macrorealism” [1]:

(1) Macrorealism per se: A measurement on a macroscopic system
reveals a well-defined pre-existing value.

(2) Non-invasive measurability: At least in principle, we can measure
this value without disturbing the system.

[1] Leggett, J. Phys. Condens. Matter 14, R415 (2002);
Emary, Lambert, Nori, arXiv:1304.5133
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Leggett-Garg inequalities ...

Lo

\4

ti<tj

Cti,t;) = (Z(t;)Z(t:))

Example:

Thermal resonator state, identical measurements (o = a; = a2)

1 2 ..
Cltisty) = 5 | 0os(@i + @5 + iy )e™ 1 @D Ieos0u)

+ COS(@i — @j — %;j)e

Yij = ’a’281n<9ij)

N
>

—|oz|2(2fﬁ,—|—1)(1—cos 97;3-)]

/

Oij = w(t; —t;)
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Leggett-Garg inequalities ...

Leggett-Garg inequality (LGI):

W = CO(tr, t2) + Clta, t3) — C(tr, t3) < 1

Result: 1.0
09¢
- 08} (n=0)
= o7t
0 =012 = O3
06
0.5¢
4 N
Arbitrarily small
displacements can lead to W ~1+|al?*(vV2/2 — 2n)
a violation of the LGI:

- J
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Leggett-Garg inequalities ...

Leggett-Garg inequality (LGI):

W = CO(tr, t2) + Clta, t3) — C(tr, t3) < 1

Result; 10

09}

(7 =0)

08}

0/m

0.7¢
0 =612 = O3

06}

0.5¢

4 ™
Maximal & robust 3 2

violation of the LGl for W~ — (1 - 5 (21 + 1))

large displacements: - 4]l

- /
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Quantum vs. classical correlations ...

Qubit probing a classical field:

Hiny = \/5)\%(75) e) (el

/

(random) trajectory, but with a
specific value at each time
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Quantum vs. classical correlations ...

) 9) 9)
—A7(t;) Z(t;)
t; t
o" tz ‘\
¢, = \/5)\/ z.(s)ds
t;,—Ti

For a given trajectory:
(Z(t;)) = cos(p; — D;)

(Z(t;)Z(t;)) = cos(pi — ;) cos(yp

J

P
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Quantum vs. classical correlations ...

N
| —
[
<.
~
N
—~
~
QO
~—
\ 4

t; tj

¢, = \/5)\/ z.(s)ds P, = \@A/ z.(s)ds

li—T;i tj—T;

General correlations:

<Z(tz)Z(t])> — /dq)qu)]P((I)z, (I)]) COS(QO'L' + (I)z) COS(QOJ' + (I)J)

proper probability distribution \ _ LG inequality
(derived from the classical bound variables applies !
process x.(t)) |
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Quantum vs. classical correlations ...

Example: thermal classical field

z.(t) = Acos(wt + dp)

/ \

Gaussian random
amplitude initial phase

Classical:
Clty,t2) = % [Cos(gpl -+ @2)6—2|a(T)|2<x3>(1+cos 0)
+ cos(py — @2)6—2|a(7)|2<x3>(1—cos 9)}

Quantum:

1 2 o
C(tlatQ) = 5 {COS(@l + @2@_|0‘(7’)| (274+1)(14-cos 0)

-+ COS(@1 — @2@6_|0‘(T)|2(2ﬁ+1)(1—cos 9)]
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Violation of LG inequality: requirements

1) Dispersive qubit-resonator coupling:

H =wa'a+ Aa + al)|e) (e

2) Qubit control & readout:
= see literature on NV centers, superconducting qubits, ...

p
3) Low mechanical occupation numbers n ~ O(1):

= T~50 mK, active (optomechanical) cooling methods

G

{ 4) State dependent displacement |a(7)| ~ O(1):
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Displacement amplitude ...

9)10)

1
1
A} 1
9)10) '
. 4
A k4
A L4
- *
§~ ’l
--------

Hiye = Ma +a')le) (e

static coupling

most experimental
settings
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Parametrically enhanced displacements ...

/2 7 7 7T /2

\I\/l/\l\/!/\l\ N
0 t

N

N, x m—pulses

L. Tian, PRB (2005); S. Bennett et al. NJP (2012)
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Parametrically enhanced displacements ...

/2 T T T /2

W’
N

N, x m—pulses

How many pulses can | do? = decoherence!

A , 1 kT
‘OémaX’ 5 ; X mln{T27 Tth} f['th1 — hQ
< 69
: e
4) State dependent displacement |a(7)| ~ O(1): (09\’
= Strong coupling regime ! (\9
-) theory: Armour et al, PRL (2002), Tian, PRB (2005); PW I PRB (2009), .
-) see recent experiments with superconducting qubits & enter
N\ J
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Leggett-Garg inequality: Summary

non-classical
correlations
LG>1!

LG = C(tl,tg) -+ C(tz,tg) — C(tl,tg) <1

Clear experimental signature to distinguish between quantum and
classical signals!
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Modular variables ...

\ 4

(Z(t1)) = Tr{Q(®1, 1)po}

Ramsey measurement allows us to measure “modular variables” [1]
of a macroscopic continuous variable system:

Q(p, a) = cos (90 +v2Im(a)x — \@Re(a)p) bound
observables

infinite dimensional
Hilbertspace

[1] Aharonov, Rohrlich, “Quantum Paradoxes”; S. Popescu, Nature Phys (2010)
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Modular variables ...

\Ija(x) — (\Ijl(x) 4+ eio‘\Ifg(a:)) macroscopic

1
ﬁ / superposition

non-local phase

(") %/dazaz”\\lll(a:)\z +%/da¢x”\\112(a:)\2

(cos(p)) = ... +..+...

[1] Aharonov, Rohrlich, “Quantum Paradoxes”; S. Popescu, Nature Phys (2010)

Wednesday, September 11, 13




Quantum contextuality ...

X; k=1 k=2 k=3

g=1 T D2 —T1 — P2 two

J=2 —I2 P1 T — P1 resonator modes
j=3 | x2—x1 | —p1 — D2 X1 — T2 + P1 + P2

Ajr = eVTXik — cos (ﬁXjk) + 2 sin (ﬁXjk)

Non-contextual theories: The pre-existing value of an observable does
not depend in which combination of other compatible observables it is
measured. =

(R1) + (R2) 4+ (R3) + (C1) + (C3) — (C3)] < 3v/3

/ \

R; = Aj1Aj2A;3 Ch = ArpAor Az

A. Plastino and A. Cabello, PRA 82, 022114 (2010)

Wednesday, September 11, 13




Quantum contextuality ...

Xk k=1 k=2 k=3

J = T D2 —X1 — P2 two

J= — T P1 T2 — P1 resonator modes
j=3 | x2—x1 | —p1 — D2 X1 — T2 + P1 + P2

Ajr = eVTXik — cos (ﬁXjk) + 72 sin (ﬁXjk)

Non-contextual theories: The pre-existing value of an observable does
not depend in which combination of other compatible observables it is
measured. =

(R1) + (R2) 4+ (R3) + (C1) + (C3) — (C3)] < 3v/3

Z \

Ve

e\Ve can test such inequalities by looking at

three-point correlations (Z(t1)Z(t2) Z(t3)) = Tr{Qs, R, Qt, po}

\

A. Plastino and A. Cabello, PRA 82, 022114 (2010)
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Conclusions & Outlook
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Summary ...

Ramsey correlation measurements:

T Z T Z
2 T
At
______________ )Y Y 71 A 72 .
o T e Lo 9) 10
+‘g> \-"/' O tl t2
LG violation

/ Wmax

e Leggett-Garg Inequality: s}

C(t1,t2) + C(t2,t3) — C(t1,t3) < 1 08|

» Versatile & experimentally feasible measurement tool for fundamental
test of quantum mechanics with massive objects !

» Implementation with various spin, charge & photonic qubits,
levitated objects, ...

A. Asadian, C. Brukner, PR, arXiv:1309.2229
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Outlook: beyond Leggett-Garg ...

Leggett: “Macro-realism”
= Macrorealism per se & non-invasive measurability

1) Evaluation of potential classical “invasive” effects.
Exclude such effects by complementary measurements !

2) Generalization to Bell-type measurements
between space-like separated resonators !

0 e
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Announcement ...

www.ann-phys.org

Bl p hy5| k Reviews, Letters & Articles:

Quantum and Hybrid
Mechanical Systems: From
Fundamentals to Applications

bort Sanisser 2SS Submit your
great research to
www.ann-phys.org
Contribute now @

http://mc.manuscriptcentral.com/and

Submission deadline May 2, 2014 M ad y 2’ 20 14
[=] 5 [=]

— -
a—_—
- —

WILEY-VCH E

Thank you !
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Probing macroscopic realism via Ramsey
correlation measurements

superpositions of macroscopic resonators )

e A two level system is used to probe quantum
_______ - A ‘
via multiple Ramsey measurements:
P y n‘“’\ —o—19) )

A T Z
2N 72

7 IH A I | = C(t1,t2) = (Z(t2)Z(t1))
[9) . 9)

0 t1 ” to

e Theory predicts that correlations between LG violation
subsequent measurement outcomes violate 10 [ Winex
the Leggett-Garg inequality: 09}

08F

§
\
<>

C(t1,ts) 4+ Clta, t3) — C(t1,t3) < 1 o7l

06

05}

and can be used for other fundamental tests =
of guantum mechanics !

A. Asadian, C. Brukner, P. Rabl (poster & talk)
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