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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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back of the envelope
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cosmic bell test on tv!

Premiering Jan 9 2019
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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

E P R
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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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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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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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locality loophole

Hidden communication between parties?

Detection Loophole 

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

Detection 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 
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

Detection 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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freedom of choice Loophole

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

If we relax Eq. (1), 
only require 

I=0.046~1/22 bit of 
correlation between 

hidden variables 
and joint settings to 

mimic QM 

p(�|a, b) = p(�)
� Hidden variables

a, b Joint measurement settings

Freedom of choice assumption

Relaxing freedom of choice: 
Mutual Information

Eq. (1)

0.046 bits

0.172 bits

0.247 bits

V = 2(
p
2� 1)

Bell Violation for Tsirelson bound
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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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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
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

Source of Entangled Particles
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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
Albert

y
b

x
a

Source of Entangled Particles
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Quasar By Quasar Ax
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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 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
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1+1D spacetime diagram
Adapted From 

FIG. 1 
 (Rauch+2018, 
Supplemental 

Material)

• Schematic cosmic Bell 
test space-time diagram 
(not to scale) in 
(dimensionless) 
conformal time η vs. 
comoving distance 𝜒. 

• In these 
coords, null 
geodesics on 
45o diagonals. 

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

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

a b

BA

x

y

•On each side, quasar emits light at events x,y
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Cosmic bell test: la palma

Image Credit: Jason 
Gallicchio (Harvey Mudd)
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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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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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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



3/18/2019 MIT Kavli Institute for Astrophysics & Space Research 35

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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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) 



3/18/2019 MIT Kavli Institute for Astrophysics & Space Research 38

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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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 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. 

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


