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Let the Universe decide how to set
up entanglement experiment!

4.2_‘\m (WI';T) Entangled Particle

Source FIG. 1, Rauch + 2018
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COSMIC BELL PAPERS
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044038, 18 pp. (arXiv:1305.3943) (DOI)

Testing Bell's Inequality with Cosmic Photons: Closing the Setting-Independence Loophole,
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COSMIC BELL TEST ON TV!

Q= NOVA

EINSTEIN'S

QUANTUM |
RIDDLE

Premi-ering Jan 9 20‘].9‘
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QUANTUM ENTANGLEMENT

Beginning in the 1930s, the
great architects of quantum
theory struggled to understand
the notion of “entanglement.”

Niels Bohr and
Albert Einstein

, EVIVAL |
~ B
DAVID kaisep

Erwin Schrodinger
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ErPrR PARADOX

e L,
:
LR 4 -

A. Einstein B. Podolsky N. Rosen

Can O . 1%
Quantum-M echanica] Description of ShuME e

Poporsky AND N. Roskn, Institute for 4 COmplete?

(Received March 25, 1935) , rsey

¥) = s {lm)lea) + fua) o) |

State does not factorize: no way to describe behavior of
particle 1 (w) without referring to behavior of particle 2 (v).
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BELL TESTS

a b

~ | <A A

A || Entangled || 1B
source

a, b : Settings
A, B : Outcomes

Big question: Are non-quantum
explanations for entanglement viable?
If yes, QM incomplete > Hidden varlables

3/18/2019 MIT Kavli Institute for Astrophysics & Space Research



BELL'S INEQUALITY ASSUMPTIONS

1. Realism

2. Locality

> A _.\j':“ . y g
‘age v 5
; 4 .
9 \ y
e 4
" &’ i

John S. Bell

(1928-1990)
1,2,3 = Bell’s Inequality

Upper limits on entangled particle measurement
correlations in a “local-realist” model
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RELAXING BELL'S ASSUMPTIONS

1. Realism 2. Locality 3. Freedom

‘ I."u

Experiments violate Bell’s inequality as
predicted by quantum mechanics!

— At least one of 1,2,3 are false!
But relaxing any assumption = LOOPHOLES

Alternative models could mimic quantum theory

e.g. Can keep realism, locality. Relax Freedom.
Friedman, Guth, Hall, Kaiser, & Gallicchio 2019, Phys Rev A, 99, 1, 012121 (arXiv:1809.01307)
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LOCALITY LOOPHOLE

The standard interpretation of Bell tests — that “local realism” is
incompatible with experiment — relies upon several assumptions.

¢ measurement outcomes

source emits entangled
particles

-I -I select detector settings

> X
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CLOSING THE LOCALITY LOOPHOLE

The standard interpretation of Bell tests — that “local realism” is
incompatible with experiment — relies upon several assumptions.

Space-like separate relevant pairs of events

/ | measurement outcomes
A space like separated
detector setting choice a
separated from
measurement outcome B
E (and vice versa)

select detector settings while
entangled particles are in flight

> X
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DETECTION EFFICIENCY LOOPHOLE

The standard interpretation of Bell tests — that “local realism” is
incompatible with experiment — relies upon several assumptions.

Also called the “fair-sampling” loophole

No detectors are 100% 100 - ;
efficient. 0T ; ]
20 |- : .
What if undetected ol [ g o° o7
photons skewed the s ol 1o 0 ]
statistics, faking Bell E E _
violation without genuine € .| ° |
entanglement? oo :
0.05 |- . -
Closing loophole requires oz * 4 -
detector efficiencies > 83 % 65 70 75 80 8 90 95 100

Efficiency n (%)
Garg and Mermin, Phys Rev D (1987), Eberhard, Phys Rev A (1993)
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FREEDOM OF CHOICE LOOPHOLE

A\ Hidden variables Freedom of choice assumption
a, b Joint measurement settings p()\\a, b) — p()\) Eq. (1)

Relaxing freedom of choice: p(Ala, b)
) I = p(Ala, b) p(a,b)log
Mutual Information /%:b (Aa, b)pla, b) log, p(A)

I(V) Bell Violation for Tsirelson bound
1.0 V=2+v2-1)

0.8 — Is8(V) 0.247 bits
0.6 14(V) 0.172 bits

04 — TG(V) 0.046 bits

If we relax Eq. (1),
only require
1=0.046~1/22 bit of
correlation between
hidden variables
_and joint settings to

0875 05 1.0 15 50 mimic QM

Friedman, Guth, Hall, Kaiser, & Gallicchio 2019, Phys Rev A, 99, 1, 012121 (arXiv:1809.01307)
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LOOPHOLES €& WHY THEY MATTER

The standard interpretation of Bell tests — that “local realism” is
incompatible with experiment — relies upon several assumptions.

So What?!

Quantum foundations!

Understanding reality at a deep level. If
universe exploits loopholes, does not
mean QM is “wrong”, but perhaps
derived from a more fundamental
underlying theory. Quantum gravity?

Quantum cryptography security

,\'\ ° ° °
\/ f Tech applications! Hackers could exploit

(/zﬁ’ \5 loopholes to undermine entanglement-
P B based quantum information schemes
3/18/2019 MIT Kavli Institute for Astrophysics & Space Research 16




TOWARD A LOOPHOLE FREE TEST

A. Locality Loophole Closing Method?

Hidden communication between parties
for phOtonS: ASpECt+1 982, Weihs+1998 Spacelike Separated
measurements, settings

B. Detection Loophole

Measured sub-sample not representative
for atoms: Rowe+2001, superconducting qubits:

High efficiency
detectors

Ansmann+2009, photons: Giustina+2013, Christensen+2013

e LOOPHOLES IN SAME TEST!

Hensen+2015 (Delft) (electrons)

Loca“ty & Detection Giustina+2015 (Vienna)
Shalm+2015 (NIST) (photons)

Rosenfeld+2017 (Germany) (atoms)
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TOWARD A LOOPHOLE FREE TEST
C. Freedom-of-Choice Loophole Settings spacelike
Settings correlated with hidden variables separated from
partially for photons: Scheidl+2010 EPR source

COSMIC BELL TESTS

phOtonS) Handsteiner+2017 (Vienna)
Settings chosen with Milky Way Stars. Closed locality,

constrained freedom-of-choice to ~600 years ago.

Locality & Freedom (photons) Rauch+2018 (Canary Islands)
CLOSED shican]  Settings from High Redshift Quasars. Closed locality,
constrained freedom-of-choice to ~7.8 Billion years ago!

Locality & Detection & Freedom (photons) Li+2018 (China)

freedom-of-choice to ~11 years ago.
3/18/2019 MIT Kavli Institute for Astrophysics & Space Research 18



CHOOSING DETECTOR SETTINGS

3 Y a b

? - R :‘
L% [/ >N TN
A B\ AY P, ‘3;‘:5-'
N ‘ & N L= A
A e e
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k. e -~

Source of Entangled Particles

Adapted from:
Gallicchio, Friedman,

, , , & Kaiser 2014
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CHOOSING DETECTOR SETTINGS
\ Vi ~ n a b ‘j' -':
A MR @ Vig% ) “

Source of Entangled Particles

Quantum

a ‘ — b | Quantum
A
Random @ \,4 @ @\

Random
Number

Number
Generator \O/ Generator

Adapted from:

Gallicchio, Friedman,

, , , & Kaiser 2014
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CHOOS ING DETECTOR S ETTINGS
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Quantum
Random
Number
Generator

Star A

3/18/2019

Quantum

b
\Q @\ Random

Number
\o/ Generator

Star B

Choose
settings with
real-time
observations
of distant
Milky Way
stars

Requires
alternative
theories to

act hundreds
or thousands

of years ago

Adapted from:
Gallicchio, Friedman,

& Kaiser 2014
MIT Kavli Institute for Astrophysics & Space Research




CHOOS ING DETECTOR S ETTINGS

% [ 4 Choose
LGERYZ settings with
observations
of high
redshift
cosmic
sources
ntum a \ \ b
ga"nadﬁ.‘; @ /\a\ @\ @ gauna;(::]m Relegates
z:l':::::or \0/ N:::br::or alte.rn.atives
* —> to billions of
f%Q years ago!
Quasar B Quasar A

Adapted from:

Gallicchio, Friedman,

& Kaiser 2014
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CHOOS ING DETECTOR S ETTINGS

a Choose
’ settings with

observations
of CMB
patches,
etc...

Quantum
Random
Number
Generator

Quantum Relegates
Random alternatives

Number Bi
1Ig Ban
Generator to 5 bang,

——)| eraof early

universe
inflation!

Adapted from:
Gallicchio, Friedman,
& Kaiser 2014
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) 11D SPACETIME DIAGRAM
N| Adapted From === B

FIG. 1
(Rauch+2018,

Supplemental q
I[\)/\paterial) o @ b

e Schematic cosmic Bell
test space-time diagram
(not to scale) in
(dimensionless)
conformal time n vs.
comoving distance y.

e In these
coords, null
geodesics on
45° diagonals.

* On each side, quasar emits light at events x,y X

e Light received on Earth used to set detectors at events a,b

e Meanwhile, spacelike-separated from events x,y, and a,b,
source S emits entangled pairs, which are measured at events A,B

3/18/2019 MIT Kavli Institute for Astrophysics & Space Research 24




COSMIC BELL TEST: LA PALMA
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Image Credit: Jason ’
Gallicchio (Harvey Mudd)
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COSMIC BELL TEST WITH QUASARS
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COSMIC BELL TEST WITH QUASARS

PHYSICAL REVIEW LETTERS 121, 080403 (2018)
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Bell test with entangled photons

En tangled photons

Entangled Particle
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basis
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MIT Kavli Institute for Astrophysics & Space Research
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FIG. 1, Rauch + 2018




COSMIC BELL TEST WITH QUASARS

PHYSICAL REVIEW LETTERS 121, 080403 (2018)
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Pair Side ID ty [Gyr] 7 iq [1s] Sexp p value v

1 QSO B0350 — 073 7.78 2.34 265 [74x1027 93
QSO J0831 + 5245 12.21 0.90
7.0 x 10—13f 7.1

QSO B0422 + 004 3.22 2.20 2.63

FIG. 1, Rauch + 2018
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e+1ID SPACETIME DIAGRAM

Today ——
OB Y P

th =12.21 Gyr /£

QA * Past light cone of pair 1
X\, tin =7.78 Gyr experiment (gray)

. — W\ * Quasar emission events
Qa (blue, 7.78 Gyr ago),

Qs (red, 12.21 Gyr ago)

oo @) BN [\ -}
/ / / / /

107 : * Past light cones overlap
| 94 13.15 Gyr ago

[149)] U oLy, YoRqs00T] OTUISO))

* Big Bang 13.80 Gyr ago

P . .
by%a] . 2 e Local-realist mechanism
FIG. 4 ‘ence o 4 a\D-ﬁmo Woluld need to have acted

(Rauch+2018) e Py at least 7.78 Gyr ago.

e Mechanism must affect detector settings + measurement outcomes from within
Qa (blue), Qg (red), past light cones (or their overlap), a region with only 4.0%

of physical space-time volume within our past light cone.

. (4)
* Rules out 96% of space-time from o[ Ye (Ta, 75, 0) 0.960
causally influencing our experiment! exel VD () |
exp\ /0
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LA PALMA COSMIC BELL TEST

Nordic Optical
Telescope (NOT)

E
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Image Credit: Dominik
Rauch (Vienna) st
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Image Credit: Dominik
Rauch (Vienna)
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NEAR
DISASTER!

T Image Credit: Dominik
~ Rauch (Vignna) .
»“ N, ‘;A.- g
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Image Credit: Dominik
Rauch (Vienna)
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DISASTER AVERTED

Ay e Pl

Image Credlt Domlmk
Rauch (V{enna)

Entangled photon source flxed reinstalled in now secured

shipping container control room.
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"+/ADVENTURES IN LA PALMA

Chris Benn; Head of Astronomy,
Isaac Newton Group of
*Telescopes, La Palma

Thomas Scheidl
(Vienna)

‘).7 /4 Dominik Rauch
™ (Vienna)

Image Cré!d'it:i David Ka?ser (MIT) |
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SPACE-TIME DIAGRAMS
Standard Bell Test

Generator
emits photons

10T : 010 N
1110101 - - 0101010
1010110 : ; : 2 1911101

1011100110

Time —»

< Space”>
Past light cones from random

number generators overlap
milliseconds before test.

e Source of entangled particles |I| B | gﬂuetaci)l:‘r]%r;lent

el Random-number
Quasar S generator Detectors set

Adapted from: Friedman, Kaiser, & Gallicchio 2013a, Phys. Rev. D, Vol. 88, Iss. 4, id. 044038, 18 p. (arXiv:1305.3943)
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SPACE-TIME DIAGRAMS

Standard Bell Test

Cosmic BeII Test

Generator
emits photons

i 0101010U y
' R 1011101

01011 100110

1110101 '
1010110 i

Time —»

< Space”>

Past light cones from random
number generators overlap
milliseconds before test.

Quasar
emits photons

v

Inflation

3\ %
0

Time ——>»

ASTRONOMY: ROEN KELLY, AFTER ANDREW FRIEDMAN

<Space”>

Inflation

Past light cones from quasars
don’t overlap since big bang,
13.8 billion years ago.

6 Source of entangled particles ‘ A || B | Measurement
\ outcomes
~) A Random-number
Quasar @I generator @@ Detectors set

Adapted from: Friedman, Kaiser, & Gallicchio 2013a, Phys.
3/18/2019

MIT Kavli Institute for Astrophysics & Space Research

Rev. D, Vol. 88, Iss. 4, id. 044038, 18 p. (arXiv:1305.3943)
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e+ID CONFORMAL SPACETIME DIAGRAM

40

0

[1£9)] = ewuL, [euIOFuO))

FIG. 2a
(Rauch+2018,
Supplemental

Material)

La Palma cosmic Bell test didn’t completely remove causal overlap
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POSSIBLE OUTCOMES

Future 2-quasar Cosmic Bell tests with no causal overlap
3 CMB patch or 3-quasar GHZ test from ground, balloon, or space

Safe Bet

Bell or GHZ/Mermin inequalities always violated.
Strengthen evidence for quantum theory.

Rule out alternative theories, progressively close
freedom-of-choice loophole as much as possible.

Longshot

Experimental results depends on which cosmic
sources we look at. Maybe Bell’s limit is not
violated for very distant sources.

Perhaps experimenter’s lack complete freedom!
3/18/2019 MIT Kavli Institute for Astrophysics & Space Research 40



