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@ Weak measurements

METROLOGICA
LALL LU LAY |

Weak measurements [Aharonov et al., PRL 60 (1988)]: little information is extracted
from a single measurement, but the state does NOT collapse.

—~ Wf |A‘|¢i> Pre-selected state: Wz)
Weak value; =
eak value:  (A) (W fles) Post-selected state:  [¢y)

RAQM 2016, March 2-4, Warsaw, Poland



@ Weak measurements

METROLOGICA
LALL LU LAY |

Weak measurements [Aharonov et al., PRL 60 (1988)]: little information is extracted
from a single measurement, but the state does NOT collapse.

<121\>,w - (¢f|fzﬂ¢i> Pre-selected state:  |¢i)

Weak value: —
(Yrlai) Post-selected state:  |¢;)

Von Neumann coupling between an observable
A and a pointer observable P :

~ U = exp(—igA @ P) ]

RAQM 2016, March 2-4, Warsaw, Poland



@ Weak measurements

METROLOGICA
L Ly |

Weak measurements [Aharonov et al., PRL 60 (1988)]: little information is extracted
from a single measurement, but the state does NOT collapse.

|
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Weak value: —
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Weak measurements [Aharonov et al., PRL 60 (1988)]: little information is extracted
from a single measurement, but the state does NOT collapse.

—~ Wf |A‘|¢i> Pre-selected state: Wz)
Weak value; =
eak value:  (A) (W fles) Post-selected state:  [¢y)

Von Neumann coupling between an observable - I
[ A and a pointer observable P : U = exp(—igA ® P) ]

N

[ Projective measurement (post-selection on | ¢)): ﬁf — |¢f)(zpf|]

NV
(Pout) = ﬁfﬁlqu = ﬁfﬁWi) ® | fi)
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@ Weak measurements

METROLOGICA
LALL LU LAY |

Weak measurements [Aharonov et al., PRL 60 (1988)]: little information is extracted
from a single measurement, but the state does NOT collapse.

—~ Wf |A‘|¢i> Pre-selected state: Wz)
Weak value; =
eak value:  (A) (W fles) Post-selected state:  [¢y)

Von Neumann coupling between an observable - I
[ A and a pointer observable P : U = exp(—igA ® P) ]

N
[ Projective measurement (post-selection on |t ¢)): ﬁf — Wf)(wf'}
X and P
v canonically
|Oout) = 1Lt U|din) = I U|Y;) @ | fi) conjugated

In the weak interaction =) ()?) _ (bout| X|dout) _ q Re[(ﬁ)w]

regime approximation: (i [T ¢ |ehs)

RAQM 2016, March 2-4, Warsaw, Poland



@9 Weak measurements

METROLOGICA
LALL LU LAY |

A= e
£l

~~

(A),, Is a complex number

U = exp(—igA @ P)
Re[(A),,] Is unbounded! ;= ;) (0]
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« Re[(A4),] : conditioned average in the limit of O disturbance [Dressel et al., PRL 104 (2010)]

» Im[(A).] : arising from disturbance related to the von Neumann coupling
[Dressel and Jordan, PRA 85 (2012)]
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(A),, Is a complex number

U = exp(—igA @ P)
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Interpretation of weak values:

A

« Re[(A4),] : conditioned average in the limit of O disturbance [Dressel et al., PRL 104 (2010)]

» Im[(A).] : arising from disturbance related to the von Neumann coupling
[Dressel and Jordan, PRA 85 (2012)]

« Expectation values as averages of weak values [Aharonov and Botero, PRA 72 (2005)]
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@ Weak measurements

METROLOGICA
LALL LU LAY |

A= e
£l

~~

(A),, Is a complex number

U = exp(—igA @ P)
Re[(A),,] Is unbounded! ;= |ihs)(s]

Interpretation of weak values:

A

Re[(A)w] : conditioned average in the limit of 0 disturbance [Dressel et al., PRL 104 (2010)]

Im[(A).] : arising from disturbance related to the von Neumann coupling
[Dressel and Jordan, PRA 85 (2012)]

Expectation values as averages of weak values [Aharonov and Botero, PRA 72 (2005)]
(A)s = 2 [(ilvg) | (A)w

POVMs can be realized as a sequence of weak values [Oreshkov and Brun, PRL 95 (2005)]
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@ Possible applications
0 Metrology:

» Amplification of measurement of coupling strength:
» Light beam displacement [Kwiat et al.]
» Angular deflection [Dixon et al.]
» Advantages:
« Amplification of signal without amplifying unrelated noise [Boyd et al ]
* Only a fraction of beam post-selected, the rest still available

O Foundations of Quantum Mechanics:

» Better understanding of quantum measurement, with the possibility to measure
incompatible observables at once [Mitchinson et al.]

» Tests of quantum contextuality [Pusey]

» Hints on Quantum Mechanics interpretations [TSVF, Aharonov et al., ...]

RAQM 2016, March 2-4, Warsaw, Poland



DI RICERCA
METROLOGICA
e

@m&mw “Sharp” measurement in QM

Standard "sharp" measurement:

A= N\, O, = () (Un]  Te[Ap] =, A Tr[I,7]
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wm&%ﬁm “Sharp” measurement in QM

METROLOGICA
LALL LU LAY |

Standard "sharp" measurement:

A= N\, O, = () (Un]  Te[Ap] =, A Tr[I,7]

Wave function
collapse

fi, ]
5= [)  Prob(vulp) = Te[lL, 7 @

Joint/sequential projective measurements:

Single projective measurement:

Non-commuting
- - observables can’t be
I, 11

~ " ~ simultaneously
p = Wk:> — ‘wn> TM,O]...? measured!

Tr |1, (T ) | = Prob(uu|ux)Prob(ui]p)
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@ Joint and sequential weak measurements

METROLOGICA
T

Weak values «challenge one of the canonical dicta of QM: that non commuting
observables cannot be simultaneously measured»

«the fact that one hardly disturbs the systems in making WM means that one can in

principle measure different variables in succession» [Mitchison, Jozsa and Popescu, PRA 76
(2007)]
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@ Joint and sequential weak measurements

METROLOGICA
T

Weak values «challenge one of the canonical dicta of QM: that non commuting
observables cannot be simultaneously measured»

«the fact that one hardly disturbs the systems in making WM means that one can in

principle measure different variables in succession» [Mitchison, Jozsa and Popescu, PRA 76
(2007)]

/ Joint weak measurement \

Resch et al., PRL 92, 130402 (2004)

P A~ A~

U = exp[—i(gmﬁ® Py + g,B ® P,)]
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@ Joint and sequential weak measurements

METROLOGICA
T

Weak values «challenge one of the canonical dicta of QM: that non commuting
observables cannot be simultaneously measured»

«the fact that one hardly disturbs the systems in making WM means that one can in

principle measure different variables in succession» [Mitchison, Jozsa and Popescu, PRA 76
(2007)]

/ Joint weak measurement \ /Sequential weak measurement\

Resch et al., PRL 92, 130402 (2004) Mitchinson et al., PRA 76, 062105 (2007)

P A~ A~

U = exp[—z’(gmﬁ® P, +g,BoP)] | Uy= exp(—igyB ® Py)
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Birefringent
crystal Polarizer
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@9 Weak measurement implementation

METROLOGICA
LALL LU LAY |

/ Birefringent
crystal Polarizer

7 B

U = exp(—igﬁf@ 16) ﬁf = [tr) ¥yl
k A—> Ty = [V)(V] /
We measure the position observable )? <j€'> — gReKﬁV)w]

canonically coniugated to the pointer observable PP
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METROLOGICA
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@0 Sequential weak measurement

s

A —— Iy = [V)(V]

B —> Iy = [¢)(y]
[4) = cosO|H) + sin0|V)

RAQM 2016, March 2-4, Warsaw, Poland



we Sequential weak measurement
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A —— Ty = V)V

—— Toy = [¢) (¢
[4) = cosO|H) + sin0|V)

)

Optic axis

Optic axis
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@0 Sequential weak measurement

METROLOGICA
LALL LU LAY |

s

A —— Ty = |V)(V]

B — Ty = |¢)(y]
[4) = cosO|H) + sin0|V)

Linearly polarized pre- and post-
selection states [1);), [1f)

Optic axis
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3% X
Type ILIO; g Ti:Sa ML Laser
§ Gating
N 6 SPAD I2R32
4 \ U SPAD
SMF / Array
| QWP HWP PBS HWP Cy HWP BC, HWP HWP PBs
>
W W" g | e
Pre-selection | weak Il weak Post-selection

measurement measurement

RAQM 2016, March 2-4, Warsaw, Poland



ISTITUTO

NAZIONALE SE I U P
DI RICERCA

METROLOGICA

32x32
N Y:\\VM SPAD+TDC camera

-

Features
¢ Multi-modality: photon-counting,
2D imaging
3D time-of-flight ranging,
TCSPC  (time-correlated
single-photon counting)
Image dimension:  32x32 (1024) pixels
In-pixel counter: 6 bit (photon-counting)
In-pixel TDC: 10 bit (photon-timing)
Max frame rate: 100,000 fps (burst) and
10,000 fps (continuous)
¢ Timing resolution: 312 ps—0.9 ns
Full scale range: 320 ns - 0.92 us
Hardware interface: USB 2.0 Fig. 1: SPAD_camera for 2D imaging, 3D ranging and TCSPC photon-
Software interface: Matlab S




@ SPAD array output VS. theoretical prediction

T

Typical single data acquisition obtained
with our 32x32 SPAD camera (after noise
subtraction)

' ~  RAOM 2016, March 2—4, Warsaw, Poland




@ SPAD array output VS. theoretical prediction

T

32
Typical single data acquisition obtained
with our 32x32 SPAD camera (after noise Corresponding predicted probability
subtraction) distribution calculated according to

the theory
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Measured weak values (data points) compared with the theoretical predictions

My = [V)(V Iy =)W (|¢) = cosO|H) +sin 0]V))

;) = 0.588|H) + 0.809|V) V) = |H)
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Measured weak values (data points) compared with the theoretical predictions

My = [V)(V Iy =)W (|¢) = cosO|H) +sin 0]V))

;) = 0.588|H) + 0.809|V) V) = |H)

/“'H--‘"‘\ /<ﬁu >u
1 e’ . \:; ’
/,.rr f \::1..\ (ﬁ’u’>u ,’f
it l ’;"
0 L, _______ - 'I ____________ _L___:f‘:_r—_:,'
PN RN --.-i-’/ ,i’/
@ (7
- 1 B | |
z z 3z
0 4 2 s 7T
@ (rad) arXiv:1508.03220
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Measured weak values (data points) compared with the theoretical predictions

My = [V)(V Iy =)W (|¢) = cosO|H) +sin 0]V))

;) = 0.588|H) + 0.809|V) V) = |H)

/“'H--‘"‘\\ /<ﬁu )u

]_ e . \\1; R4
/,.rr f \::1..\ (ﬁ‘u">u ,'f

. | z

o R e N R N (Ty),, = 0.04 + 0.03
N N T 4 (Iy)w = 0.35 + 0.04
| (a) (L ITy N S (T, ), = —0.46 4 0.10
z z ix
0 T 5 4” T
@ (rad) arXiv:1508.03220
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Measured weak values (data points) compared with the theoretical predictions
My = [VI(V

Oy = ) (W] (|¢) = cos6|H) +sin ] V)
[4;) = 0.588|H) + 0.809|V) [s) = |H)

QﬁV)w —0.034003 |

(1), = 1.44 + 0.04
1,01, = 0.69+0.15
(Tellv) J

(IIy),, = 0.04 + 0.03

(Ily)w = 0.35 & 0.04
(ILyI1y ), = —0.46 £ 0.10

arXiv:1508.03220
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Measured weak values (data points) compared with the theoretical predictions

My = [V)(V Iy =) (] (o) = cosOH) +sin6|V))

;) = 0.588| H) + 0.809|V') V) = |H) Weak values

"internal consistency"

~~

e ~. < ﬁ'u',' > w —~
. g | (L) + (L) = 1
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Measured weak values (data points) compared with the theoretical predictions

My = [V)(V Iy =)W (|¢) = cosO|H) +sin 0]V))

;) = 0.588| H) + 0.809|V') V) = |H) Weak values

"internal consistency"

, A | (T + (TT2)0 = 1

Fa ~

- "_"""-..§\ ~ A —
,1’ { \:‘t\ <HV>’UB‘ i [ <H¢U>w —|_ <H£[;0>w — 097:|: 006 ]
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Measured weak values (data points) compared with the theoretical predictions

My = [V)(V Iy =)W (|¢) = cosO|H) +sin 0]V))

;) = 0.588| H) + 0.809|V') V) = |H) Weak values

"internal consistency"

z""\ <ﬁ'u','>'u_? ~ ~
1 ( | (MY + (150 = 1
I e - /| = -
Pty <HI>w / [(H%)w + (T4 ), = 0.97£0.06 ]
0 A . ___ I ______ _L___’_;z{_r__?
(11, i) ‘_:;‘*3:\’ /i" <H¢Hs0>w + <H$Htp>w — (Hg0>w
PV fw ~ 4
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Measured weak values (data points) compared with the theoretical predictions

My = [V)(V] Iy =)W (|¢) = cosO|H) +sin 0]V))

;) = 0.588| H) + 0.809|V') V) = |H) Weak values

"internal consistency"

z""\ <ﬁ'u','>'u_? ~ ~

1 ( | (MY + (150 = 1
- "f'_"“-i::\ = 1/ - -

3\ <Hi>w Yy | (L) + (I15, ). = 0.97 £0.06 |

( o= e S it s
o~ o~ “\‘\*:..m’, ’}’, <ﬁ¢ﬁgp>w _l_ <ﬁ$ﬁg@>w — <ﬁgp>w

| (a) (H@-?le'%nﬁ \I___,f’, |
0 : z (M) + (I )y = —0.05 £ 0.22
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Measured weak values (data points) compared with the theoretical predictions

My = [V)(V Iy =)W (|¢) = cosO|H) +sin 0]V))

l1h;) = 0.509|H) + 0.861|V')
) = —0.397|H) + 0.918|V)
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Measured weak values (data points) compared with the theoretical predictions

Iy = [V)(V Iy = [){|  ([1h) = cosO|H) +sinb|V))
;) = 0.509|H) + 0.861|V) | e e e .
r) = —0.307|H) +0.918)V) 1+ | NP

(HV>1L ,”'/i/ \ “{\ \\
,‘{:,' <H1p HV }u, \\\\ \i‘.\
Ofeco- ¥ 2 N
—"’z R / \‘-...___
<H'ul‘>t1
(b)
—1F . |
n g 3x
0 n 5 e 7
6 (rad)

arXiv:1508.03220
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Measured weak values (data points) compared with the theoretical predictions

Iy = [V)(V Iy =)@ ([¢) = cosO|H) +sinb|V))
i) = 0.509|H) +0.861[V) | ____ e e i S
r) = —0.307|H) +0.918)V) 1+ | NP

(Hv>% /,’/ilf \ ""\ \\\\
,‘{:,' <H1;',- HV }u, \\\\ \}\
1 _ OFer_- ¥ 1 -

(M), = 1.4040.04 .

(M) = —0.24 4 0.03 - (). "

SN b

(Mylly) =028 £0.10  _ql (b) | |

I
6 (rad)

arXiv:1508.03220
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@m%mu Results summary

Measured weak values (data points) compared with the theoretical predictions

Ty = [V)(V Iy = [)(¥]  (|[¢) = cosO|H) +sinf|V))
N L S W S ——
1 ‘I . \\\l ’/ 1 B AT ,,:"’/’ \\\\ ?\ \\
/",”’f ‘i:::k\ (HV>'U» III’ <HV>1L l’::il, A\A ‘\\ \\\\\
/' l /"i /::/ <HL-"JHV >'u \\\ \i‘\
Qf------- 2o . GO e eepoee (e N
N o . el R A7 S S
—~ -~ ’-—‘;\'::-—I" /i" <Ht_r')>*u'
(a) (I ILy ) Y St (b)
-1k . —1 . . .
o F F w  x o & & w o
0 (rad) 6 (rad)
[1;) = 0.588|H) + 0.809|V) by = 0.509|H) + 0.861|V)
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@ WMs and quantum contextuality
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Non-Contextual Hidden Variable Theory: ontological model of an operational theory
where, if two experimental procedures are operationally equivalent, then they have
equivalent representations in such model [Spekkens, PRA 71 (2005)].
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Non-Contextual Hidden Variable Theory: ontological model of an operational theory
where, if two experimental procedures are operationally equivalent, then they have
equivalent representations in such model [Spekkens, PRA 71 (2005)].

The measurement outcome depends only on the Hermitian operator associated with
the measurement, not on the ones measured simultaneously with it: each observable
has a predetermined value (given by some HVs), independent of the context.

Can WMs be
sign of quantum
contextuality?
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@ WMs and quantum contextuality

T

Non-Contextual Hidden Variable Theory: ontological model of an operational theory
where, if two experimental procedures are operationally equivalent, then they have
equivalent representations in such model [Spekkens, PRA 71 (2005)].

The measurement outcome depends only on the Hermitian operator associated with
the measurement, not on the ones measured simultaneously with it: each observable
has a predetermined value (given by some HVs), independent of the context.

Can WMs be
sign of quantum
contextuality?

Yes! pusey, PrL 113 (2014)
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wg WM and quantum contextuality
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Initial and final states are non-orthogonal :  py,, := P (PASS|Py,, My, ) > 0
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No non-contextual model satisfying outcome determinism for sharp measurements
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P (z|P, Mw) = pu(z — g)P (1P, M) + pn(2)P (0[P, Mn)

Condition 2 verification

Ti:Sapphire
mode-locked
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SMF 702 nm
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IF /- Type-l
LilO;
\/4 Seconc!
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Al2 398 Generator 796
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IF
920 nm
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P (0[P, My) : probability of not undergoing the weak interaction

P (1P, Mp) : probability of undergoing the weak interaction
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measurement
Initial and final states are non-orthogonal :  py,, := P (PASS|Py,, My, ) > 0
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No non-contextual model allowed: weak measurements proved quantum contextuality
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