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Violation of the Leggett-Garg inequality with weak measurements of photons

M. E. Goggin'?, M. P. Almeida'. M. Barbieri'®, B. P. Lanyon!, J. L. O'Brien®, A. G. White!, G. 1. Pryde®
U Department of Physics and Centre for Quantum Computer Technology,
[ndversity of Queensland, Brisbane J072, Australic
% Physics Department. Truman State University, Kirksville, MO, 63501, USA
3 Groupe d'Optique Quantigue, Laboratoire Charles Fabry,
Institut d’Optéque - Graduate School, F91127 Palaisean Ceder, France
4 Centre for Quantum Photonics, H. H. Wills Physics Laboratory & Department of Electrical and Electronic Engineering,
University of Bristol, Merchant Venturers Building, Woodland Road, Bristel, BSs 1UR, UK
5 Centre for Quantum Dynomics and Centre for Quantum Computer Technology, Griffith University. Brisbane, {111, Australia

By weakly measuring the polarization of a photon between two strong polarization measurements,
we experimentally investigate the correlation betwoen the appearance of anomalous values in quan-
tum weak measurements, and the violation of realism and non-intrusiveness of measurements, A
quantitative formulation of the latter concept is expressed in torms of a Leggett-Garg inequality for
the ontcomes of subsequent measurements of an individual quantum svetem. We experimentally
violate the Legmett-Garg inequality for several messurement strengths. Furthermore, we experimen-
tally demonstrate that there is a one-to-one correlation between achieving strange weak values and

violating the Legomett-Garg inequality.

One of the findamental challenges in understanding
the world is addressing the question of whether or not
systems have a real state independent of observation.
Key ideas addressing this question include the Bell in-
equality, with its joint assumption of realism and for lo-
cality [1, 2, 3], and contextuality tests, which examine
whether or not identical experiments produce results in
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disturbance on its subsequent evolution. Thus a viola-
tion of the LGI tells us that either earlier measurements
perturbed the system, changing the results of later mea-
surements, or macroscopic realism is untenable, or both.

The trick to testing the LGI is to be able to monitor the
system without “collapsing” the wavefunction: to make
a so-called weak measurement [7]. A weak measurement
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Bell's Inequalities

Bell made 2 assumptions

1. Objects have a definite state, determining all
of their properties

2. The effects of local actions can’t travel faster
than light

1+2 = “Objective Local Theories”

Based on these he showed correlations
are bounded

QM has stronger correlations so we must
give up 1 or 2
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2 Leggett-Garg Inequalities

» Always need to test realism with another
hypothesis:

1. Macroscopic realism — the observable to be
measured has a value at all times

2. Noninvasive measurability — in principle it is
possible to make a measurement without
disturbing the system

* Designed to test If there Is a limit where
guantum mechanics breaks down

Leggett, A.J. Realism and the physical world. Reports on Progress in Physics 71, 022001 (2008).



« Quantity Q(t) can take values +1
» Correlations: ¢, =(2(%)2(%))

e Take 3 measurements and define:
B=C, 0y =0

e Assume correlationsatl1 & 3: ¢;53-1
—We can have ¢,=1and C,,=1 SO: p=1
—-Or ¢p=-land ¢ _--150. p=-3

e So the LGI Is:

-3 < Clz C
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QM violation of LGl

. . .
Spin-1/2 rotating around x:  #="5"o,
Project into z:

o (t)=e "It ><| I+ ><1 ]

Can show:

<Gz(r1)gz(r2)> = COS [&)(rl — rz)]

So the LGI becomes:

-3 < ZGOS[Q)AI] — 003[2 &)Ar] <1



QM violation of LGI
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-3 < ZGos[mAr] — 008[2 COAI] <1



LGI for a photon

Need to make 3 measurements:
3 < (MM,) + (MAM) — (MM;) < 1

State preparation is M1 with outcome 1
3 < (M) + (MM) — (My) < 1
M2 measure first Stokes parameter (H-V)

M3 measure second Stokes parameter (D-A)
3 (S) + (5,5,) — (8) <1



LGI for a photon

0 0
Prepare state: cos?IH >+ sinEIV>

<Sl> =cos 0
Easy to show: (S,) = sin 0
A
So -3 < (8) + (5)5,) — (5) <1 becomes:
-3 < cosB -smn0B <1

But for 37“ <0 <2=r thisis greater than 1



So what?

* We must admit that either:
— The photon has no deterministic evolution

— OR the evolution can’t be monitored no matter
how weak the measurement



How do we measure S1 and S27?

« Weak measurement and quantum logic
gates

 C-Sign: |HH > —I|HH >
\HV > —HV >
VH > —IVH >
Wy >— -y >

* Weakly measure S1 with the meter photon
« Strong measurement of S2 on signal



Weakly measuring S1

S1 = P(H)-P(V) p
nput: ol

F 0 . 0O
*0087|H> -I-sm?lV> l@‘l’le>+"{'|A >l

Output of C-Sign: 9
Strong (Y —1 ’y —O) Cos™" |HD > + sm 174 >
Weak (y =y’ _1/\/2) { —IH>+ neIV>]®|H>

Get S1 by measuring meter photon:
SlZP(DmlDS)'P(AmlDS)



But we can't measure it strongly

 Still need to measure S2 on the signal
photon (for strong y’ =0) :

<82> ~ Yy ¥ sinf



The C-Sign gate

* Post-select on 1 photon in each output

. Reﬂectlwty n= 1/3 WHE> —r IHH >+t IHH >+
——IHH > + —IHH >+..

L
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« Need loss modes take other inputs: 177> — #FIHV > +..

5 —%IHV>

Pryde, G.J., O’Brien, J.L., White, A.G., Bartlett, S.D. & Ralph, T.C. Measuring a Photonic Qubit without
Destroying It. Phys. Rev. Lett. 92, 190402 (2004).



Want to violate:

(S)) + (8,8,) = (8,) <1
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Effect of Measurement Strength
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Conclusions

 The LGI was violated by a sequence of
measurements on a single photon

* This means any theory (not just QM)
which describes measurements on a
photon must admit that either the photon

has no definite evolution or it cannot be
monitored.



