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Dr. Andrew Friedman

a cosmic test of 
quantum entanglement

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

https://kuleuvenblogt.files.wordpress.com/2014/06/entangled-atoms.jpg

Is quantum mechanics complete or just spooky?
http://xeon24.com/data/wallpapers/2/508769-albert-einstein.jpg

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

quantum entanglement 101
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Cosmic bell tests
Milky Way Stars (2017)

Vienna, 
Austria

8, 10-inch 
telescopes

Light left 
nearest star 
~600 years 

ago

High Redshift Quasars (2018)

The 
Canary 

Island of 
La Palma

3.6, 4.2-meter 
telescopes

Light left 
nearest 

quasar ~7.8 
billion years 

ago!
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SSP 2011 new mexico tech 
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SSP 2011 new mexico tech 
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back of the envelope



7/19/2019 Summer Science Program, UC San Diego  11

cosmic bell test on tv!

Premiering Jan 9 2019
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3 seconds of fame!

Premiering Jan 9 2019
Einstein’s Quantum Riddle, PBS NOVA, Season 46, Episode 2, 6:12-6:15

Premiering Jan 9 2019
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“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 

Feynman on free will
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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 
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Niels Bohr and 
Albert Einstein

Erwin Schrödinger

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

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

EPR paradox and hidden variables

E P R
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Image modified from http://blogs-images.forbes.com/chadorzel/files/2015/07/aspect3.png

Detector 1 Detector 2

Entangled 
Photon SourcePolarizer 1 Polarizer 2H

V

Can rotate polarizers

Same direction: same outcome (HH, VV)

90 degrees: opposite outcome (HV, VH)

H

V

“Bell Test”
entangled particle experiments
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photon polarization correlation

Quantum Predictions
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a, b :  Settings
A, B :  Outcomes

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

bell tests

Entangled 
particle 
source
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Quantum correlation is NOT like classical 
correlation! 

http://themassinvasion.com/wp-content/uploads/2015/07/Mystery-Box.jpg http://youwantmetowearwhat.com/wp-content/uploads/2010/11/Left-Right-Gloves.jpg

why causal explanations fail
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Outline
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3. Loopholes / Freedom-Of-Choice Loophole 
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1,2,3 → Bell’s Inequality

http://images.iop.org/objects/ccr/cern/54/7/19/CCfac8_07_14.jpg

John S. Bell (1928-1990)

bell’s inequality assumptions

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

3. Freedom

2. Locality

1. Realism  
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photon polarization correlation

Quantum Predictions
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photon polarization correlation

“Local realist” model

Quantum Predictions
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Angle between polarizers

…or alternative 
models with Bell’s 
theorem loopholes
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   QM prediction: Smax = 2√2               Dozens of experiments: Smax > 2

Bell’s assumptions imply | S | ≤ 2.

bell’s theorem
No local-realist theories can reproduce the quantum predictions!
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1. Realism     2. Locality     3. Freedom 
              

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

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

Relaxing bell’s assumptions

Alternative models could mimic quantum theory

Friedman, Guth, Hall, Kaiser, & Gallicchio 2019, Phys Rev A, 99, 1, 012121 (arXiv:1809.01307)  

e.g. Can keep realism, locality. Relax Freedom.
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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 
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loopholes & why they matter

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 foundations!  

Quantum cryptography security  
Tech applications! Hackers could exploit 
loopholes to undermine entanglement-
based quantum information schemes

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

So What?!
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locality loophole

Hidden communication between parties?

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

t 

x 
a b 

S 

A 
B measurement outcomes 

source emits entangled 
particles 

select detector settings

? 

? 
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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

t 

x 

a b S 

A B 

measurement outcomes 
A,B space like separated 

select detector settings while 
entangled particles are in flight

detector setting choice a 
separated from 

measurement outcome B 
(and vice versa) 
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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

What if undetected 
photons skewed the 
statistics, faking Bell 

violation without genuine 
entanglement?

Garg and Mermin, Phys Rev D (1987), Eberhard, Phys Rev A (1993) 

Closing loophole requires 
detector efficiencies ≥ 83%

No detectors are 100% 
efficient.  
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http://salsasmexrestaurants.com/test/wp-content/uploads/2014/11/Fajitascombos.jpg

Still have free will!

But limited freedom

x
x

x

x

x

freedom of choice loophole

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

�
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Entangled 
particle 
source
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toward a loophole free test
Closing Method?

Spacelike separated  
measurements, settings

B. Detection Loophole 
     Measured sub-sample not representative  
                     for atoms: Rowe+2001, superconducting qubits:  
    
      Ansmann+2009, photons: Giustina+2013, Christensen+2013

High efficiency 
detectors

A. Locality Loophole 
     Hidden communication between parties  
                     for photons: Aspect+1982, Weihs+1998

Giustina+2015 (Vienna) 
Shalm+2015 (NIST) (photons)

Locality & Detection
Hensen+2015 (Delft) (electrons)

2 loopholes in same test!

Rosenfeld+2017 (Germany) (atoms)
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Locality & Freedom (photons) Handsteiner+2017 (Vienna) 

Cosmic bell tests

Settings chosen with Milky Way Stars. Closed locality, 
constrained freedom-of-choice to ~600 years ago.

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

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

Closed locality and detection, constrained 
freedom-of-choice to ~11 years ago. 

toward a loophole free test

 Settings spacelike  
separated from  

EPR source

C. Freedom-of-Choice Loophole 
     Settings correlated with hidden variables  
                      partially for photons: Scheidl+2010
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CHoosing detector settings  

y
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*
Quasar By Quasar Ax

*

S

Star A Star B

Quantum 
Random 
Number 
Generator

Quantum 
Random 
Number 
Generator

Adapted from: 
Gallicchio, Friedman, 
& Kaiser 2014 

Bohr
Albert

y
b

x
a

Source of Entangled Particles

*
Quasar By Quasar Ax

*

S

Source of Entangled Particles



7/19/2019 Summer Science Program, UC San Diego  36

y
b

x
a

Source of Entangled Particles

*
Quasar By Quasar Ax

*

S

Star A Star B

Quantum 
Random 
Number 
Generator

Quantum 
Random 
Number 
Generator

Adapted from: 
Gallicchio, Friedman, 
& Kaiser 2014 

Bohr
Albert

y
b

x
a

Source of Entangled Particles

*
Quasar By Quasar Ax

*

S

CHoosing detector settings  
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y
b

x
a

Source of Entangled Particles

*
Quasar By Quasar Ax

*

S

Star A Star B

Quantum 
Random 
Number 
Generator

Quantum 
Random 
Number 
Generator

Adapted from: 
Gallicchio, Friedman, 
& Kaiser 2014 

Bohr

Choose 
settings with 

real-time 
observations 

of distant 
Milky Way 

stars 

Requires 
alternative 
theories to 

act hundreds 
or thousands 
of years ago 

Albert

y
b

x
a

Source of Entangled Particles

*
Quasar By Quasar Ax

*

S
→

CHoosing detector settings  

Source of Entangled Particles
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y
b

x
a

Source of Entangled Particles

*
Quasar By Quasar Ax

*

S

Star B Star A

Quantum 
Random 
Number 
Generator

Quantum 
Random 
Number 
Generator

Adapted from: 
Gallicchio, Friedman, 
& Kaiser 2014 

Bohr

Choose 
settings with 
observations 

of high 
redshift 
cosmic 
sources 

Relegates 
alternatives 
to billions of 
years ago!

Albert

y
b

x
a

Source of Entangled Particles

*
Quasar By Quasar Ax

*

S

Quasar B Quasar A

→

CHoosing detector settings  

Source of Entangled Particles
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y
b

x
a

Source of Entangled Particles

*
Quasar By Quasar Ax

*

S

Star B Star A

Quantum 
Random 
Number 
Generator

Quantum 
Random 
Number 
Generator

Adapted from: 
Gallicchio, Friedman, 

& Kaiser 2014 

Bohr

Choose 
settings with 
observations 

of CMB 
patches, 

etc… 

Relegates 
alternatives 
to Big Bang, 
era of early 

universe 
inflation!

Albert

y
b

x
a

Source of Entangled Particles

*
Quasar By Quasar Ax

*

S

CMB 
Patch A

CMB 
Patch B

→

CHoosing detector settings  

Source of Entangled Particles



7/19/2019 Summer Science Program, UC San Diego  40

cosmic bell tests

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)

Star A         Star B

Quasar BQuasar A

Source of Entangled Particles CMB 
Patch B

CMB 
Patch A
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Standard Bell Test
space-time diagrams

Cosmic Bell Test

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

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

Adapted from: Friedman, Kaiser, & Gallicchio 2013a, Phys. Rev. D, Vol. 88, Iss. 4, id. 044038, 18 p. (arXiv:1305.3943) 
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Standard Bell Test
space-time diagrams

Ideal Cosmic Bell Test

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

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

Adapted from: Friedman, Kaiser, & Gallicchio 2013a, Phys. 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 
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FIRST Cosmic bell test (VIENNA)

Alice: Austrian 
National Bank

Bob: University 
of Natural 

Resources and 
Life Sciences

Entangled Particles: 
Institute for Quantum 
Optics and Quantum 

Information

Handsteiner, Friedman+2017, Physical Review Letters, 118, 6, 060401(arXiv:1611.06985) 
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vienna cosmic bell test

Johannes Handsteiner 
with 8-inch stellar 
photon telescope

Image Credit: Jason Gallicchio
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vienna cosmic bell test

Entangled photon 
receiver and 

polarization analyzer
Image Credit: Jason Gallicchio
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cosmic setting generator 

Credit: Jason Gallicchio, Amy Brown, Calvin Leung (HMC) 

Light In

Blue Arm

Red Arm Guide Camera

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

Occupational Hazards

Image Credit: Jason Gallicchio
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Star Selection

vienna cosmic bell test

Image Credit: Jason Gallicchio
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observed bell violation

-E11 -E12 -E21 E22
0.0

0.5

1.0

1.5

2.0

2.5

a1
b1

a1
b2

a2
b1

a2

b2

Handsteiner, 
Friedman+2017  

Fig. 4
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Space-time diagram: stars

Handsteiner, 
Friedman+2017  

Fig. 3
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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 
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Prof. Anton Zeilinger

zeilinger group experiments
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Image Credit: Jason 
Gallicchio (Harvey Mudd)

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

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

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

cosmic bell test with quasars

FIG. 1, Rauch + 2018
4.2-m (WHT) 3.6-m (TNG)Entangled Particle 

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

Standard Deviations

cosmic bell test with quasars

FIG. 1, Rauch + 2018
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FIG. 4  
 (Rauch+2018)

• Mechanism must affect detector settings + measurement outcomes from within 
QA (blue), QB (red), past light cones (or their overlap), a region with only 4.0% 
of physical space-time volume within our past light cone. 

• Big Bang 13.80 Gyr ago

• Local-realist mechanism 
would need to have acted 
at least 7.78 Gyr ago. 

2+1D spacetime diagram
• Past light cone of pair 1 

experiment (gray)

• Quasar emission events 
QA (blue, 7.78 Gyr ago), 
QB (red, 12.21 Gyr ago)

• Rules out 96% of space-time from 
causally influencing our experiment!

• Past light cones overlap 
13.15 Gyr ago
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Image ©2018 DigitalGlobe (Google Earth)

cosmic bell test with quasars

4.2-m William 
Herschel 

Telescope (WHT)

Nordic Optical 
Telescope (NOT) 

Entangled Particle 
Source

3.6-m Telescope 
Nazionale Galileo 

(TNG)
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choosing the best quasars

Image Credit: Andrew Friedman (UCSD)



7/19/2019 Summer Science Program, UC San Diego  60

remote assistance

Image Credit: Andrew Friedman (UCSD)
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no pressure!
Image Credit: Andrew Friedman (UCSD)
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Nordic Optical 
Telescope (NOT)

Cosmic Bell Test 
Entangled 

Particle Source 
(Shipping 
Container)

Image Credit: Dominik 
Rauch (Vienna)

la palma cosmic bell test
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near 
disaster!

Nordic Optical 
Telescope (NOT)

Cosmic Bell Test 
Shipping 

Container

Image Credit: Dominik 
Rauch (Vienna)
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near 
disaster!

Image Credit: Dominik 
Rauch (Vienna)
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near 
disaster!

Image Credit: Dominik 
Rauch (Vienna)
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Image Credit: Dominik 
Rauch (Vienna)

Cosmic Bell Test 
Shipping 

Container

disaster 
averted
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disaster averted

Image Credit: Dominik 
Rauch (Vienna)

Cosmic Bell Test 
Shipping 

Container

Entangled photon source fixed, reinstalled in now secured 
shipping container control room.
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adventures in la palma

Image Credit: David Kaiser (MIT)

Dominik Rauch 
(Vienna)

Anton Zeilinger 
(Vienna)

Thomas Scheidl 
(Vienna)

Armin Hochrainer 
(Vienna)

Chris Benn, Head of Astronomy, 
Isaac Newton Group of 

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

cosmic bell test with quasars

FIG. 1, Rauch + 2018
4.2-m (WHT) 3.6-m (TNG)Entangled Particle 

Source

Let the Universe decide how to set 
up entanglement experiment!
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https://asfriedman.physics.ucsd.edu/media_coverage.shtml

cosmic bell in the news
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http://web.mit.edu/asf/www/media_coverage.shtml

cosmic bell in the news
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cosmic bell in the news
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cosmic bell test on tv!

Premiering Jan 9 2019
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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 
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2+1D conformal spacetime diagram

FIG. 2a 
 (Rauch+2018, 
Supplemental 

Material)

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

possible outcomes

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!

Future 2-quasar/CMB Cosmic Bell tests with no causal overlap 
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The Shared Causal Pasts and Futures of Cosmological Events,  
Friedman, A.S., Kaiser, D.I., 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.I. 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.I., 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, J., 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) 

Cosmic bell papers
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Friedman, Kaiser, & Gallicchio 2013a, Phys. Rev. D, Vol. 88, Iss. 4, id. 044038, 18 p. (arXiv:1305.3943) 

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

Why use quasars? Brightest continuous cosmological sources.

Experiment feasible with existing technology!
Gallicchio, Friedman, & Kaiser 2014, Phys. Rev. Lett., Vol. 112, Issue 11, id. 110405, (arXiv:1310.3288)

z > 3.65 quasars bright enough 
CMB an intriguing possibility

cosmic bell design concept
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Pushed back local hidden variable explanations for entanglement to 
> 600 years ago, ~16 orders of magnitude better than previous tests.

cosmic bell experiments

Handsteiner, Friedman+2017, Physical Review Letters, 118, 6, 060401(arXiv:1611.06985) 

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

other relevant papers

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

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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