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QUANTUM ENTANGLEMENT 101

Entanglement: Paired systems with
correlated (or anti-correlated) properties

Measure #1, instantly know something about #2
Systems are NOT independent!

Is quantum mechanics complete or just spooky?
7/19/2019 Summer Science Program, UC San Diego 2




COSMIC BELL TESTS k¢
Milky Way Stars (2017)

N
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) } . telescopes
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week ending

PRL 118, 060401 (2017) PHYSICAL REVIEW LETTERS 10 FEBRUARY 2017

7/19/2019

S

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,’
IAnthony Mark,” IHien T. Nguyen,6|Isabella Sanders,2|Fabian Steinlechner,' Rupert Ursin,"’
Soren Wengerowsky,  Alan H. Guth,2 David 1. Kaiser,2

Thomas Schf:idl,1 and Anton Zeilingc:rl’7’iE
Unstitute for Quantum Optics and Quantum Information (IQOQI), Austrian Academy of Sciences,
Boltzmanngasse 3, 1090 Vienna, Austria
’Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
Department %f Physics, Harvey Mudd College, Claremont, California 91711, USA
School of Computer, NUDT, 410073 Changsha, China
Max Planck Institute of Quantum Optics, Hans-Kopfermann-Strafie 1, 85748 Garching, Germany
*NASA Jet Propulsion Laboratory, Pasadena, California 91109, USA
"Vienna Center for Quantum Science & Technology (VCQ), Faculty of Physics,
University of Vienna, Boltzmanngasse 5, 1090 Vienna, Austria

(Received 21 November 2016; revised manuscript received 13 January 2017; published 7 February 2017)

Bell’s theorem states that some predictions of quantum mechanics cannot be reproduced by a 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 setting choices and measurement outcomes as recently
as mere microseconds before each experimental trial. Here we report on a new experimental test of Bell’s
inequality that, for the first time, uses distant astronomical sources as “cosmic setting generators.” In our
tests with polarization-entangled photons, measurement settings were chosen using real-time observations
of Milky Way stars while simultaneously ensuring locality. Assuming fair sampling for all detected
photons, and that each stellar photon’s color was set at emission, we observe statistically significant 27.31¢
and >11.93¢ violations of Bell’s inequality with estimated p values of <1.8 x 10713 and <4.0 x 10733,
respectively, thereby pushing back by ~600 years the most recent time by which any local-realist
influences could have engineered the observed Bell violation.
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COSMIC BELL TEA Other Collaborators
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COSMIC BELL TEST ON TV!

Q= NOVA

EINSTEIN'S

QUANTUM |
RIDDLE

Premi-ering Jan 9 20‘].9‘

7/19/2019 Summer Science Program, UC San Diego
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3 SECONDS OF FAME!

Quantum Riddle | Quantum Entanglement - Documentary HD 2019

—~—

@~ NOVA

QUANTUM |
RIDDLE

m Premlerngan 3 2019 }

Einstein’s Quantum Riddle, PBS NOVA, Season 46, Eplsode 2, 6:12-6:15

7/19/2019 Summer Science Program, UC San Diego 12



FEYNMAN ON FREE WILL

“We have an illusion that we can do any
experiment that we want. We all, however,
come from the same universe, have evolved
with it, and don't really have any “real' freedom.
For we obey certain laws and have come from a
certain past. Is it somehow that we are
correlated to the experiments that we do, so that
the apparent probabilities don't look like they
ought to look if you assume they are random...”
— Richard Feynman 1982

7/19/2019 Summer Science Program, UC San Diego 13



OUTLINE
1. Entanglement Tests

2. Bell’s Inequality vs. Bell’s Theorem
3. Loopholes / Freedom-Of-Choice Loophole

4. Cosmic Bell Test with Milky Way Stars

5. Cosmic Bell Test with Quasars

6. Future Tests

7/19/2019 Summer Science Program, UC San Diego
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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 |
= |
DAVID kaisep

Erwin Schrodinger

7/19/2019 Summer Science Program, UC San Diego 15



EP’rR PARADOX AND HIDDEN VARIABLES

A. Einstein B. Podolsky N. Rosen

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

N ute for A
(Received March 25, 1935) , rsey

¥) = s {lm)lea) + fua) o) |

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

7/19/2019 Summer Science Program, UC San Diego 16



ENTANGLED PARTICLE EXPERIMENTS
“Bell Test”

Entangled

@ yPolanzerl Photon Source Polarizer 2 % @

Detector 1 .:w- Qﬁh ’4_\":
© %/ N\ y o

Can rotate polarizers

Detector 2

Same direction: same outcome (HH, VV)

90 degrees: opposite outcome (HV VH)

7/19/2019 Summer Science Program UC San Dlego 17



PHOTON POLARIZATION CORRELATION

)

v 1 .« e

Eo Quantum Predictions
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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 variables

7/19/2019 Summer Science Program, UC San Diego 19



WHY CAUSAL EXPLANATIONS FAIL

Quantum correlation is NOT like classical
correlation!

http://themassinvasion .COm/wi -content/uploads/2015/07/Myster -Box.

7/19/2019 Summer Science Program, UC San Diego 20



OUTLINE
1. Entanglement Tests

2. Bell’s Inequality vs. Bell’s Theorem
3. Loopholes / Freedom-Of-Choice Loophole

4. Cosmic Bell Test with Milky Way Stars

5. Cosmic Bell Test with Quasars

6. Future Tests
7/19/2019 Summer Science Program, UC San Diego
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BELL'S INEQUALITY ASSUMPTIONS

1. Realism

2. Locality

v Y _.\j':“ . ./ S
‘age v 5
/ . 3 ¥ e
9 \ y
i 4
" & &

John'S. Bell (1928-1990)
1,2,3 = Bell’s Inequality

Upper limits on entangled particle measurement
correlations in a “local-realist” model

3. Freedom

7/19/2019 Summer Science Program, UC San Diego 22



PHOTON POLARIZATION CORRELATION
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PHOTON POLARIZATION CORRELATION

=

Quantum Predictions
OS2 (AF) ... OF alter.native
models with Bell’s

<, theorem loopholes
o

CQ /
,'@Q /, .
S l’/

22.5 45 67.5 90
Af: Angle between polarizers

p(Measurement Outcomes Agree)
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BELL'S THEOREM

No local-realist theories can reproduce the quantum predictions!
‘S = E(a,b) + E(d’,b) + E(a,V') — E(d, V) ‘ Bell’s assumptions imply|| S | < 2.

QM prediction: S, . = 212 Dozens of experiments: S__, > 2

Clauser, Horne,
Shimony, & Holt
(CHSH) 1969

Angle Between Polarizers
7/19/2019 Summer Science Program, UC San Diego 25



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)

7/19/2019 Summer Science Program, UC San Diego 26



5.

6

OUTLINE

. Entanglement Tests
. Bell’s Inequality vs. Bell’s Theorem

. Loopholes / Freedom-Of-Choice Loophole

. Cosmic Bell Test with Milky Way Stars

Cosmic Bell Test with Quasars

Future Tests

7/19/2019 Summer Science Program, UC San Diego
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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

\\J//‘ N Tech applications! Hackers could exploit
(/ N \5 loopholes to undermine entanglement-
M based quantum information schemes

7/19/2019 Summer Science Program, UC San Diego 28




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

7/19/2019 Summer Science Program, UC San Diego 29



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 A,B 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

7/19/2019 Summer Science Program, UC San Diego 30



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)
7/19/2019 Summer Science Program, UC San Diego 31



FREEDOM OF CHOICE LOOPHOLE

X Shrimp & Chicken Fajita $12.99

X Fajita Salsas (for One) $13.25
A Combination of steak,
chicken & shrimp.

Fajita Salsas (for Two) $21.99

Fajita Mixed $12.25
Strips of steak & chicken.

Fajita Mixed (for Tiwo) $19.50

Fajita Quesadilla $ 9.50

2 flour tortillas grilled & stuffed
with chicken or steak & cheese.

X Shrimp Fajitas $14.25

Fajitas Steak or Chicken  for One $11.99
for Two $18.99

X Parillada Mexicana (for One) $13.99
Pork tips, shrimp, chicken, chorizo & steak.

X Parillada Mexicana (for Tivo) $22.99

a b

@‘“ Entangled @

particle

source

If detector settings depend
on hidden variables A (e.g.
from past events),
experimental choices might
not be perfectly free!

Still have free will!

== But limited freedom

7/19/2019 Summer Science Program, UC San Diego 32



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)

7/19/2019 Summer Science Program, UC San Diego 33



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.
7/19/2019 Summer Science Program, UC San Diego 34



CHOOSING DETECTOR SETTINGS

3 Y a b

i\ | ! I
§ & / ~0 . A -.:
S A E SN ), | AN AN\ b o
& L ANY {ﬁ B g/
1 | Lo R\ =P e d . o 2
. & N P A
A e e
e N ., >
N ve pes

Source of Entangled Particles

Adapted from:
Gallicchio, Friedman,

, , & Kaiser 2014
7/19/2019 Summer Science Program, UC San Diego



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
7/19/2019 Summer Science Program, UC San Diego



CHOOS ING DETECTOR S ETTINGS

% 2
%
~ ¥
7
«"i ) o
A\ {7
/! g
Z
i <
%

Quantum
Random
Number
Generator

Star A

7/19/2019

Quantum

b
\Q @\ Random

Number
\o/ Generator

Summer Science Program, UC San Diego

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




CHOOS ING DETECTOR S ETTINGS

Ty a b - Choose
> ,1\ Vo | A A 2\ 2
e @ B &7 » | settings with
\O/ observations
S f Entangled Particl thigh
ource or cniangie rucies o
5 redshift
cCosmic
sources
Quantum | 4 ‘ \ b | Quantum
XA K X K
Random | () | A N8 | () Random Relegates
Number Number alternatives
Generator Generator Ve,
—> to billions of
years ago!
Quasar B Quasar A
a "

Adapted from:

Gallicchio, Friedman,

, , & Kaiser 2014
7/19/2019 Summer Science Program, UC San Diego



CHOOS ING DETECTOR S ETTINGS

a Choose
’ settings with

observations
of CMB
patches,
etc...

Quantum Relegates
Random alternatives
Number I o

o Big Ban
Generator g g'

era of early
universe
inflation!

Quantum
Random
Number
Generator

Adapted from:
Gallicchio, Friedman,
& Kaiser 2014

7/19/2019 Summer Science Program, UC San Diego 39




COSMIC BELL TESTS

Quasar A w
CMB Source of Entangled Particles
Patch A

Let the Universe decide how to
set up entanglement experiment!

Set a,b by using astronomical sources
as cosmic random number generators

Gallicchio, Friedman, & Kaiser 2014, Phys. Rev. Lett., Vol. 112, Issue 11, id. 110405, (arXiv:1310.3288)
7/19/2019 Summer Science Program, UC San Diego 40




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)
7/19/2019 Summer Science Program, UC San Diego 41




SPACE-TIME DIAGRAMS

Standard Bell Test

Ideal Cosmic BeII Test

Generator
emits photons

i 0101010U
' 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.
7/19/2019

Summer Science Program, UC San Diego

Rev. D, Vol. 88, Iss. 4, id. 044038, 18 p. (arXiv:1305.3943)
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OUTLINE
1. Entanglement Tests

2. Bell’s Inequality vs. Bell’s Theorem

3. Loopholes / Freedom-Of-Choice Loophole
4. Cosmic Bell Test with Milky Way Stars

5. Cosmic Bell Test with Quasars

6. Future Tests
7/19/2019 Summer Science Program, UC San Diego
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FIRST COSMIC BELL TEST (VIENNA)

week ending

PRL 118, 060401 (2017) PHYSICAL REVIEW LETTERS 10 FEBRUARY 2017

£

Cosmic Bell Test: Measurement Settings from Milky Way Stars

Johannes Handsteiner,l’* Andrew S. Friedman,2’T Dominik Rauch,1 Jason Gallicchio,3
Bo Liu,l’4 Hannes Hosp,1 Johannes Koﬂer,5 David Bn'cher,1 Matthias Fink,1 Calvin Leung,3
Anthony Mark,2 Hien T. Nguyen,6 Isabella Sanders,2 Fabian Steinlechner,1 Rupert Ursin,l’7

Soren Wengerowsky,1 Alan H. Guth,2 David L Kaiser,2
Thomas Scheidl,1 and Anton Zeilingerl’7’jE

Alice: Austrian Entangled Particles: ~ Bob: University
National Bank  Institute for Quantum of Natural
Optics and Quantum  Resources and *

Information Life ScieanV

Handsteiner, Frie
7/19/2019 Summer Science Program, UC San Diego 44



VIENNA COSMIC BELL TEST

Johannes Handsteiner
with 8-inch stellar
photon telescope

Image Credit: Jason Gallicchio

7/19/2019 Summer Science Program, UC San Diego 45



VIENNA COSMIC BELL TEST

Entangled photon
receiver and
polarization analyzer

Image Credit: Jason Gallicchio

7/19/2019 Summer Science Program, UC San Diego



COSMIC SETTING GENERATOR
Red Arm Guide Camera

Blue Arm f’
g ?3} i

Light In
-«

&

Credit: Jason Gallicchio, Amy Brown, Calvin Leung (HMC)
Leung+2018, Physical Review A, Vol. 97, Issue 4, id. 042120 (arXiv:1706.02276)
7/19/2019 Summer Science Program, UC San Diego 47



VIENNA COSMIC BELL TEST

Occupational Hazards

Image Credit: Jason Gallicchio

7/19/2019 Summer Science Program, UC San Diego 48



VIENNA COSMIC BELL TEST

Star Selection

Image Credit: Jason Gallicchio

7/19/2019 Summer Science Program, UC San Diego



OBSERVED BELL VIOLATION

S=|Ey;1 +Ep+ Ey — Ey|

Handsteiner,
Friedman+2017
Fig. 4

7/19/2019 Summer Science Program, UC San Diego
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SPACE-TIME DIAGRAM: STARS

time t

o

604+35yr: Y

HIP (A,
56127 ;
:1930 * 605 yr
Handsteiner, :
Friedman+2017
Fig. 3

:(B,) HIP
105259

7/19/2019 Summer Science Program, UC San Diego 51



OUTLINE
1. Entanglement Tests

2. Bell’s Inequality vs. Bell’s Theorem
3. Loopholes / Freedom-Of-Choice Loophole

4. Cosmic Bell Test with Milky Way Stars

5. Cosmic Bell Test with Quasars

6. Future Tests
7/19/2019 Summer Science Program, UC San Diego
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ZEILINGER GROUP EXPERIMENTS

144 km free-space link

Source &

7/19/2019 Summer Science Program, UC San Diego




COSMIC BELL TEST WITH QUASARS

PHYSICAL REVIEW LETTERS 121, 080403 (2018)

Editors' Suggestion

Rauch, D. + 2018, Physical Review Letters, Vol. 121, Issue 8, id. 080403 (arXiv:1808.05966)
Cosmic Bell Test Using Random Measurement Settings from High-Redshift Quasars

Dominik Rauch,l’z’* Johannes Handsteiner,l’2 Armin Hochrainer,l’2 Jason Gallicchi0,3 Andrew S. Friedman,4
Calvin Leung,1’2’3’5 Bo Liu,6 Lukas Bulla,l’2 Sebastian Ecker,l’2 Fabian Steinlechner,l’2 Rupert Ursin,l’2
Beili Hu,3 David Leon,4 Chris Benn,7 Adriano Ghedina,8 Massimo Cecconi,8 Alan H. Guth,5
David 1. Kaiser,5 ‘" Thomas Scheidl,'* and Anton Zeilingerl’z’i

Roque de los Muchachos Observatory on the Canary Island of La Palma

Image Credit: Jason
Gallicchio (Harvey Mudd)

7/19/2019 Summer Science Program, UC San Diego h 54



COSMIC BELL TEST WITH QUASARS

PHYSICAL REVIEW LETTERS 121, 080403 (2018)

Editors' Suggestion

Cosmic Bell Test Using Random Measurement Settings from High-Redshift Quasars

Dominik Rauch,l’z’* Johannes Handsteiner,l’2 Armin Hochrainer,l’2 Jason Gallicchio,3 Andrew S. Friedman,4
Calvin Leung,1’2’3’5 Bo Liu,6 Lukas Bulla,l’2 Sebastian Ecker,l’2 Fabian Steinlechner,l’2 Rupert U1rsin,1’2
Beili Hu,3 David Leon,4 Chris Benn,7 Adriano Ghedina,8 Massimo Cecconi,8 Alan H. Guth,5

David 1. Kaiser,5 ‘" Thomas Scheidl,'* and Anton Zeilinger

1,2,%

Rauch, D. + 2018, Physical Review Letters, Vol. 121, Issue 8, id. 080403 (arXiv:1808.05966)

" WHT - Telescope

Col Bob
olor

9. .| Detector I—» \
? basis
settings

red/blue

ﬁ“
P

4.2-m (WHT)

Bell test with entangled photons

Alice

RN

basis
settings

En tangled photons

Entangled Particle
Source

7/19/2019 Summer Science Program, UC San Diego

Color
Detector

B WY
3 ° 6 B m

FIG. 1, Rauch + 2018
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COSMIC BELL TEST WITH QUASARS

PHYSICAL REVIEW LETTERS 121, 080403 (2018)

Editors' Suggestion

Cosmic Bell Test Using Random Measurement Settings from High-Redshift Quasars

Dominik Rauch,l’z’* Johannes Handsteiner,l’2 Armin Hochrainer,l’2 Jason Gallicchio,3 Andrew S. Friedman,4
Calvin Leung,1’2’3’5 Bo Liu,6 Lukas Bulla,l’2 Sebastian Ecker,l’2 Fabian Steinlechner,l’2 Rupert U1rsin,1’2
Beili Hu,3 David Leon,4 Chris Benn,7 Adriano Ghedina,8 Massimo Cecconi,8 Alan H. Guth,5
David 1. Kaiser,5 ‘" Thomas Scheidl,'* and Anton Zeilingerl’z’i
Rauch, D. + 2018, Physical Review Letters, Vol. 121, Issue 8, id. 080403 (arXiv:1808.05966)

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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COSMIC BELL TEST WITH QUASARS
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LA PALMA COSMIC BELL TEST
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COSMIC BELL TEST WITH QUASARS

PHYSICAL REVIEW LETTERS 121, 080403 (2018)

Editors' Suggestion

Cosmic Bell Test Using Random Measurement Settings from High-Redshift Quasars

Dominik Rauch,l’z’* Johannes Handsteiner,l’2 Armin Hochrainer,l’2 Jason Gallicchio,3 Andrew S. Friedman,4
Calvin Leung,1’2’3’5 Bo Liu,6 Lukas Bulla,l’2 Sebastian Ecker,l’2 Fabian Steinlechner,l’2 Rupert Ursin,l’2
Beili Hu,3 David Leon,4 Chris Benn,7 Adriano Ghedina,8 Massimo Cecconi,8 Alan H. Guth,5
David 1. Kaiser,5 ‘" Thomas Scheidl,'* and Anton Zeilingerl’z’i

Rauch, D. + 2018, Physical Review Letters, Vol. 121, Issue 8, id. 080403 (arXiv:1808.05966)

Let the Universe decide how to set
up entanglement experiment!

4.2-‘;11 (Wl‘iT) Entangled Particle

Source FIG. 1, Rauch + 2018
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Cosmic Test Bolsters Einstein's
“Spooky Action at a Distance”

Physicists harness starlight to support the case for entanglement.

Stars align in test supporting “spooky action at a
distance”
Physicists address loophole in tests of Bell's inequality, using 600-year-old starlight.
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February 6, 2017
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COSMIC BELL TEST ON TV!
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OUTLINE
1. Entanglement Tests

2. Bell’s Inequality vs. Bell’s Theorem
3. Loopholes / Freedom-Of-Choice Loophole

4. Cosmic Bell Test with Milky Way Stars

5. Cosmic Bell Test with Quasars

6. Future Tests
7/19/2019 Summer Science Program, UC San Diego
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La Palma cosmic Bell test didn’t completely remove causal overlap
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POSSIBLE OUTCOMES

Future 2-quasar/CMB Cosmic Bell tests with no causal overlap

Safe Bet

Bell 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!
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COSMIC BELL PAPERS

The Shared Causal Pasts and Futures of Cosmological Events,
Friedman, A.S., Kaiser, D.1., and Gallicchio, J. 2013, Physical Review D, Vol. 88, Issue 4, id.
044038, 18 pp. (arXiv:1305.3943) (DOI)

Testing Bell's Inequality with Cosmic Photons: Closing the Setting-Independence Loophole,
Gallicchio, J., Friedman, A.S., and Kaiser, D.l. 2014, Physical Review Letters, Vol. 112, Issue 11,
id. 110405, 5 pp. (arXiv:1310.3288) (DOI)

Cosmic Bell Test: Measurement Settings from Milky Way Stars,
Handsteiner, J., Friedman, A.S. + 2017, Physical Review Letters, Vol. 118, Issue 6, id. 060401,
(arXiv:1611.06985 | PDF) (DOI) (Supplemental Material)

Astronomical Random Numbers for Quantum Foundations Experiments,
Leung, C., Brown, A., Nguyen, H., Friedman, A.S., Kaiser, D.1., and Gallicchio, J., 2018, Physical
Review A, Vol. 97, Issue 4, id. 042120 (arXiv:1706.02276) (DOI) [Featured in Physics]

Cosmic Bell Test Using Random Measurement Settings from High-Redshift Quasars,

Rauch, D., Handsteiner, ]., Hochrainer, A., Gallicchio, J., Friedman, A.S. + 2018, Physical Review
Letters, Vol. 121, Issue 8, id. 080403 (arXiv:1808.05966 | PDF) (DOI) (Supplemental Material)
[Editors' Suggestion]

Relaxed Bell Inequalities with Arbitrary Measurement Dependence for Each Observer,
Friedman, A.S., Guth, A.H., Hall, M.J.W,, Kaiser, D.I., and Gallicchio, J. 2019, Physical Review A,
Vol. 99, Issue 1, id. 012121 (arXiv:1809.01307 | PDF) (DOI)
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COSMIC BELL DESIGN CONCEPT

PHYSICAL REVIEW D 88, 044038 (2013)
The shared causal pasts and futures of cosmological events

Andrew S. Friedman,”< David I. Kaiser,l’Jr and Jason Gallicchio®*

Friedman, Kaiser, & Gallicchio 2013a, Phys. Rev. D, Vol. 88, Iss. 4, id. 044038, 18 p. (arXiv:1305.3943)
Why use quasars? Brightest continuous cosmological sources.

z > 3.65 quasars at 180 deg have no shared causal past since inflation

week ending

PRL 112, 110405 (2014) PHYSICAL REVIEW LETTERS 21 MARCH 2014

Testing Bell’s Inequality with Cosmic Photons: Closing
the Setting-Independence Loophole

Jason Gallicchio,l’* Andrew S. Friedman,z’T and David L. Kaiser™*
Gallicchio, Friedman, & Kaiser 2014, Phys. Rev. Lett., Vol. 112, Issue 11, id. 110405, (arXiv:1310.3288)

Experiment feasible with existing technology!

z > 3.65 quasars bright enough
CMB an intriguing possibility
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COSMIC BELL EXPERIMENTS

week ending

PRL 118, 060401 (2017) PHYSICAL REVIEW LETTERS 10 FEBRUARY 2017

£

Cosmic Bell Test: Measurement Settings from Milky Way Stars

Johannes Handsteiner,l’* Andrew S. Friedman,” Dominik Rauch,1 Jason Gallicchio,3
Bo Liu,l’4 Hannes Hosp,1 Johannes Koﬂer,5 David Bricher,1 Matthias Fink,1 Calvin Leung,3
Anthony Mark,2 Hien T. Nguyen,6 Isabella Sanders,2 Fabian Steinlechner,1 Rupert Ursin,l’7

Soren Wengerowsky,1 Alan H. Guth,2 David L Kaiselr,2
Thomas Scheidl,1 and Anton Zeilinger1’7’iE

Handsteiner, Friedman+2017, Physical Review Letters, 118, 6, 060401 (arXiv:1611.06985)
Pushed back local hidden variable explanations for entanglement to
> 600 years ago, ~16 orders of magnitude better than previous tests.

PHYSICAL REVIEW LETTERS 121, 080403 (2018)

Editors' Suggestion

Cosmic Bell Test Using Random Measurement Settings from High-Redshift Quasars

Dominik Rauch,l’z’* Johannes Handsteiner,l’2 Armin Hochrainer,l’2 Jason Gallicchio,3 Andrew S. Fn'edman,4
Calvin Leung,1’2’3’5 Bo Liu,6 Lukas Bulla,l’2 Sebastian Ecker,l’2 Fabian Steinlechner,l’2 Rupert Ulrsin,l’2
Beili Hu,3 David Leon,4 Chris Benn,7 Adriano Ghedina,8 Massimo Cecconi,8 Alan H. Guth,5
David 1. Kaiser,5 " Thomas Scheidl,l’2 and Anton Zeilingerl’z’]IE

Rauch, D. + 2018, Physical Review Letters, Vol. 121, Issue 8, id. 080403 (arXiv:1808.05966)

Pushed this back to > 7.8 billion years ago! Excluded 96% of

spacetime that could have causally influenced our experiment!
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OTHER RELEVANT PAPERS

PHYSICAL REVIEW A 97,042120 (2018)

Featured in Physics

Astronomical random numbers for quantum foundations experiments

Calvin Leung,!"* Amy Brown,!-’ Hien Nguyen,>* Andrew S. Friedman,** David I. Kaiser,*" and Jason Gallicchio!***

Leung+2018, Physical Review A, Vol. 97, Issue 4, id. 042120 (arXiv:1706.02276)

Describes an “Astronomical Random Number Generator”, built in Jason
Gallicchio’s lab, used to turn cosmic photon colors into random numbers.

PHYSICAL REVIEW A 99, 012121 (2019)

Relaxed Bell inequalities with arbitrary measurement dependence for each observer

Andrew S. Friedman,!* Alan H. Guth,?" Michael J. W. Hall,>** David I. Kaiser,>% and Jason Gallicchio®'!

Friedman+2019a, Physical Review A, Vol. 99, Issue 1, id. 012121 (arXiv:1809.01307)
Derives relaxed version of Bell’s inequality without the “freedom-of-choice”
assumption. Shows local realistic models that can simulate quantum theory

by quantitatively reducing freedom by only a minuscule amount.
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