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If you think you understand
quantum mechanics, you don't
understand quantum mechanics.

— Richard P ?ez{n.m.a.n, —
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HIDDEN VARIABLES

QUANTUM MECHANICS




Entangled particles that never met

Two pairs of entangled particles are emitted from different sources. One particle
from each pair is brought together in a special way that entangles them. The two
other particles (1 and 4 in the diagram) are then also entangled. In this way, two

particles that have never been in contact can become entangled.
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Complementarity
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Copenhagen View
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Observation —— Disturbance




he EPR Argument
(1935)

Einstein Podolsky Rosen
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Hidden Variables

[@e )

The speed of collapse > 1000,000 ¢
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What 1s real with respect to the second particle can depend in a nontrivial
way on which measurement is performed on the first particle
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John Bell
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P(a,c|A, C, 1)

P(a,d|A, D, 1)



Plx,y|X,Y,4) = P(x| X, )P(y|Y, 1)
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(A(C+ D)+ B(C —D))|<2
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| had great problems all my life
understanding the square root of minus one!

John Clauser

We define a particle as being something for which
this operator commutes with that operator, etc.
| haven’t the foggiest idea what any of that means.



What a pointless waste of time?

Oral History Interviews, American Institute of Physics (2002)
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Alan Aspect
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Free Will Loophole
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The Big Bell Test
(30 November 2016)

G

CLOUD
K INFRASTRUCTURE v

/'.\

[ 1l

PHYSICAI. RANDOM
NUMBERS

RNG

100,000 participants
12 hours, 1000 bits / seconds



Free Will Loophole
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Artist’s interpretation of ULAS
J1120+0641, a very distant quasar.

Image: ESO/M. Kornmesser

Closing the ‘free will’ loophole

MIT researchers propose using distant quasars to test Bell's theorem.

Jennifer Chu, MIT News Office
February 20, 2014 "l PRESS MENTIONS
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Cosmic Bell Test: Measurement Settings from Milky Way Stars

Johannes Handsteiner, Andrew S. Friedman, Dominik Rauch, Jason Gallicchio, Bo Liu, Hannes Hosp, Johannes
Kofler, David Bricher, Matthias Fink, Calvin Leung, Anthony Mark, Hien T. Nguyen, Isabella Sanders, Fabian

Steinlechner, Rupert Ursin, Soren Wengerowsky, Alan H. Guth, David I. Kaiser, Thomas Scheidl, and Anton
Zeilinger

Phys. Rev. Lett. 118, 060401 — Published 7 February 2017

i
PhysSICS see Synopsis: Cosmic Test of Quantum Mechanics u m
Article v ﬂ HTML Export Citation

m

Issue
ABSTRACT -
Vol. 118, Iss. 6 — 10 February
Bell’s theorem states that some predictions of quantum mechanics cannot be reproduced by a 2017

local-realist theory. That conflict is expressed by Bell’s inequality, which is usually derived under the
assumption that there are no statistical correlations between the choices of measurement settings
and anything else that can causally affect the measurement outcomes. In previous experiments, this
“freedom of choice” was addressed by ensuring that selection of measurement settings via
conventional “quantum random number generators” was spacelike separated from the entangled

particle creation. This, however, left open the possibility that an unknown cause affected both the
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Cosmic Bell Test Using Random Measurement Settings from High-
Redshift Quasars

Dominik Rauch, Johannes Handsteiner, Armin Hochrainer, Jason Gallicchio, Andrew S. Friedman, Calvin Leung, N 3100
Bo Liu, Lukas Bulla, Sebastian Ecker, Fabian Steinlechner, Rupert Ursin, Beili Hu, David Leon, Chris Benn,
Adriano Ghedina, Massimo Cecconi, Alan H. Guth, David I. Kaiser, Thomas Scheidl, and Anton Zeilinger

Phys. Rev. Lett. 121, 080403 — Published 20 August 2018 u m
Article References No Citing Articles Supplemental Material m

>
ABSTRACT - oue

In this Letter, we present a cosmic Bell experiment with polarization-entangled photons, in which
measurement settings were determined based on real-time measurements of the wavelength of
photons from high-redshift quasars, whose light was emitted billions of years ago; the experiment
simultaneously ensures locality. Assuming fair sampling for all detected photons and that the '.) Check for updates
wavelength of the quasar photons had not been selectively altered or previewed between emission ‘
and detection, we observe statistically significant violation of Bell’s inequality by 9.3 standard
deviations, corresponding to an estimated p value of < 7.4 x 102, This experiment pushes back to
at least ~ 7.8 Gyr ago the most recent time by which any local-realist influences could have exploited

the “freedom-of-choice” loophole to engineer the observed Bell violation, excluding any such
mechanism from 96% of the space-time volume of the past light cone of our experiment, extending

from the big bang to today.
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Cosmic Bell Test

emits photons
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Past light cones from quasars
don’t overlap since big bang,
13.8 billion years ago.
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@ Quantum Information Science @ Sharif University of Technology

JIT—
o Vi Home
. Q .,
People
Publications Quantum Information Science @ Sharif University of Technology
Seminars
Visitors Our group at the Department of Physics of Sharif University of Technology (Tehran,
Iran) focuses on basic research on quantum information science and quantum
Events computation. Specifically, some of the topics our members are currently working on
are:
Links
Photos
News: Matrix-Product States

Quantum Phase Transitions

Measurement-based Quantum Computation

Adiabatic Quantum Computation

Topological Quantum Computation

Quantum Channels

Identification/Tomography of Quantum States and Dynamics
Control of Open Quantum Systems

Quantum Correlations

Quantum Metrology/Estimation

Thermodynamics of Open Quantum Systems

- Professor Anton Zeilinger, a world-
leading physicist from the University
of Vienna and Vienna University of
Technology, and the President of the
Austrian Academy of Sciences, will
visit our group on May 4, 2014.
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