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game of telephone

MIT press release 
Author read actual paper!  
Interviewed scientists. Fact checked!

Read press release (maybe) 
Read 2nd and 3rd round articles 
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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

7
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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

8
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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

EPR / bell tests

Entangled 
particle 
source
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CHoosing detector settings  

y
b
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Relegates 
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to billions of 
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even back to 
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cosmic bell test

Let the Universe decide how 
to set up experiment! 

Use stars or quasars as cosmic 
random number generators 

12
Gallicchio, Friedman, & Kaiser 2014, Phys. Rev. Lett., Vol. 112, Issue 11, id. 110405, (arXiv:1310.3288)

Star A Star B

Quasar BQuasar A



3/8/17 UCSD Center for Astrophysics & Space Sciences

Standard Bell Test
space-time diagrams

Cosmic Bell Test

13

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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photon polarization correlation

“Local realist” model

Quantum Predictions
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Angle between polarizers

…or alternative 
models with Bell’s 
theorem loopholes

15
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1. Determinism (Realism)       
      Can predict future (or past) of some state from 

initial conditions using dynamical laws. 
      (External reality exists. Particles have definite and 

complete properties, whether or not they are 
observed) 

       

2. Locality 
      If distant systems no longer interact, nothing done 

to system 1 can affect system 2 faster than c. 

Einstein, Podolsky, & Rosen (EPR) 1935;  Bell 1964;  Clauser, Horne, Shimony, & Holt (CHSH) 1969; Hall 2015

bell’s inequality assumptions

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

3. Fair Sampling 
             Probability of detector click uncorrelated w/ hidden variables, measurement outcomes. 

4. Freedom-of-Choice / Free Will 
             Detector settings choices independent of hidden variables in past light cones that could 

influence measurement outcomes. Observers can choose settings “freely and randomly”. 

John S. Bell (1928-1990)
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correlation function: E(a,b) = A B

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

17

a, b:  Settings
Outcomes  

A, B: (-1,+1)
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Bell: if

then  | S | ≤ 2.

correlation function: E(a,b) = A B

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

18

λ: Hidden Variables
a, b:  Settings

Outcomes  
A, B: (-1,+1)
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Bell: if

(Locality: A does not depend on B or b, 
and vice versa.)

correlation function: E(a,b) = A B

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

then  | S | ≤ 2.

19

λ: Hidden Variables
a, b:  Settings

Outcomes  
A, B: (-1,+1)



3/8/17 UCSD Center for Astrophysics & Space Sciences

Bell: if

Locality: A does not depend on B or b, 
and vice versa.

correlation function: E(a,b) = A B

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

then  | S | ≤ 2.

20

Freedom:

λ: Hidden Variables
a, b:  Settings

Outcomes  
A, B: (-1,+1)
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Bell: if

(Locality: A does not depend on B or b, 
and vice versa.)

correlation function: E(a,b) = A B
a, b:  Settings

Outcomes  
A, B: (-1,+1)

S

θ

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

Freedom:

then  | S | ≤ 2.

21

QM

λ: Hidden Variables
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   QM prediction: Smax = 2√2 
   

Bell: if

(Locality: A does not depend on B or b, 
and vice versa.)

correlation function: E(a,b) = A B

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

Freedom:

then  | S | ≤ 2.

22

S

θ

QM

λ: Hidden Variables
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m

QM

a, b:  Settings
Outcomes  

A, B: (-1,+1)
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John Clauser, LBNL, 1970s Alain Aspect, Orsay, 1980s

   QM prediction: Smax = 2√2 
   Dozens of experiments: Smax > 2

Bell: if

(Locality: A does not depend on B or b, 
and vice versa.)

correlation function: E(a,b) = A B

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

then  | S | ≤ 2.

23

Freedom:

S
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QM

λ: Hidden Variables
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a, b:  Settings
Outcomes  

A, B: (-1,+1)
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Einstein, Podolsky, & Rosen (EPR) 1935;  Bell 1964;  Clauser, Horne, Shimony, & Holt (CHSH) 1969 

1,2,3,4 → Bell’s Inequality (CHSH form)

QM Prediction (Singlet State):   Smax  = 2√2     >    2

1. Determinism/Realism        2. Locality   
3. Fair Sampling                     4. Freedom

Bell’s Theorem

No local-realistic hidden variable theory 
can reproduce the quantum predictions!

bell’s inequality vs. theorem

 | S | ≤ 2.
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3. Bell’s Theorem Loopholes 
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1. Determinism/Realism        2. Locality   
3. Fair Sampling                     4. Freedom 

S > 2 → At least one of 1,2,3,4 are false!

Keep deterministic local-realism, but relax fair sampling or freedom

“Local realist” HV theories ruled out 
Usual Story:

   Another Story: 

Einstein, Podolsky, & Rosen (EPR) 1935;  Bell 1964;  Clauser, Horne, Shimony, & Holt (CHSH) 1969 

What Do Real Experiments Actually Tell Us?

Fully or partially relax any assumption:     
Non-quantum alternatives still viable,  

can simulate quantum predictions!

(1, 2, or both false, 3, 4 true)

(1,2 true but 3 or 4 false)

Bell’s theorem loopholes
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If universe exploits loopholes, does not mean QM 
is “wrong”, but that perhaps there is a more 

fundamental underlying theory. Quantum gravity?

loopholes and why they matter

Quantum cryptography security  

? Quantum foundations!  

Hackers can exploit loopholes to undermine 
quantum information schemes

27
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toward a loophole free test
A. Locality Loophole 
     Hidden communication between parties  
                     for photons: Aspect+1982, Weihs+1998 

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

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

Closing Method?

Spacelike separated  
measurements, settings

High efficiency 
detectors

 Settings spacelike  
separated from  

EPR source

28
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toward a loophole free test
A. Locality Loophole 
     Hidden communication between parties  
                     for photons: Aspect+1982, Weihs+1998 

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

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

Closing Method?

Spacelike separated  
measurements, settings

High efficiency 
detectors

 Settings spacelike  
separated from  

EPR source

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

Locality & Detection (photons) Giustina+2015 (Vienna) 
Shalm+2015 (NIST)

2 loopholes in same test!
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   First experiment to close both the 
locality and detection loopholes.

latest experiments

30

DELFT
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latest experiments

31

VIENNA

NIST
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latest experiments

32

VIENNA



3/8/17 UCSD Center for Astrophysics & Space Sciences 33

hofburg palace, vienna
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recent entanglement tests

Three recent entanglement experiments have closed the 
“locality” and “detection” loopholes simultaneously 

These are amazing experiments! 

Still very far from definitive “loophole free” experiment 

None of these tests were designed to fully address the 
“freedom-of-choice” or “free will” loophole 

Cosmic Bell tests will progressively attempt to do so 

Hensen+2015 (Delft), Giustina+2015 (Vienna), Shalm+2015 (NIST)

35
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Are experimental choices for detector 
settings really “free and random”? 

Only a tiny correlation between 
settings and HVs in past light cone 
can reproduce quantum predictions!

Hall 2010, Barret & Gisin 2011, Hall 2011

Relax Eq. 1

Freedom assumption

Eq. 1
a,b: detector  
settings 
λ: HVs

freeDOM-OF-CHOICE loophole
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QM is most vulnerable to the freedom-of-choice loophole*: 
Are the detector settings correlated with the local hidden variables?

freeDOM-OF-CHOICE loophole

38

*Also known as “measurement-independence” and “setting independence” loophole.
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Bell explicitly 
assumed 

QM is most vulnerable to the freedom-of-choice loophole*: 
Are the detector settings correlated with the local hidden variables?

freeDOM-OF-CHOICE loophole

39

*Also known as “measurement-independence” and “setting independence” loophole.
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equivalent to 

Bell tacitly 
assumed 

QM is most vulnerable to the freedom-of-choice loophole*: 
Are the detector settings correlated with the local hidden variables?

freeDOM-OF-CHOICE loophole

40

*Also known as “measurement-independence” and “setting independence” loophole.
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equivalent to 

Bell explicitly 
assumed 

   Bell: “It has been assumed that the settings of instruments are in some sense free 
variables — say at the whim of the experimenters — or in any case not determined in the 
overlap of the backward light cones.” (1976)

QM is most vulnerable to the freedom-of-choice loophole*: 
Are the detector settings correlated with the local hidden variables?

freeDOM-OF-CHOICE loophole

41

*Also known as “measurement-independence” and “setting independence” loophole.
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mutual information

a,b measurement settings 

H is the Shannon Entropy. 

For a,b independent of λ, last term is by definition 
sum of first two. M=0. 

For a,b determined completely by λ,  
all 4 of these are equal and M is at a maximum.

M(a,b : λ) = H(a,b) + H(λ) – H(a,b,λ)
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Relaxing FREEDOM

• LHV model can mimic QM singlet (CHSH scenario) with ~ 
1/15 (~1/22) bits of mutual information between settings & HVs 
(Hall 2011, Friedman+2017b in prep.) 

• Freedom = most fragile loophole quantitatively.      

  Communication models relaxing locality need ≥ 1 bit  

  (e.g. Toner & Bacon 2001, Hall 2010, 2011) 

   

Quantitative models! Relaxing Freedom does not 
imply “superdeterministic cosmic conspiracy”

•  Deterministic local HV theory (e.g. Brans 1986) 
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Bell’s original assumption 

was debated among Bell, Clauser, Horne, and 
Shimony in “Epistemological Letters,” 1976-77.

QM is most vulnerable to the freedom-of-choice loophole*: 
Are the detector settings correlated with the local hidden variable?

freeDOM-OF-CHOICE loophole

44
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Bell’s original assumption 

was debated among Bell, Clauser, Horne, and 
Shimony in “Epistemological Letters,” 1976-77.

   The formalism makes no distinction 
about where or when the relevant λ is 
created or acts. P(a,b|λ) ≠ P(a,b) is a 
statement about the shared causal 
past.

   Recent attention from Michael J. W. Hall, Nicolas Gisin, et al.

QM is most vulnerable to the freedom-of-choice loophole*: 
Are the detector settings correlated with the local hidden variables?

freeDOM-OF-CHOICE loophole

45
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Cosmic bell test schematic
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cosmic setting generator 

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



3/8/17 UCSD Center for Astrophysics & Space Sciences 50

vienna cosmic bell test

UCSD Center for Astrophysics & Space Sciences 
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vienna cosmic bell test

Entangled photon 
receiver and 

polarization analyzer
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vienna cosmic bell test

Occupational Hazards
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Star selection

vienna cosmic bell test
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causal alignment

Locality Loophole 
Space-like separate these events: 
measurement outcomes from each other 
measurement outcome 1 from detector setting 2  
(and vice versa) 

Locality Loophole+ Causal Alignment 
Must space-like separate new pairs of events 

Also need causal wavefront from star/quasar 1 to hit telescope 
1 before telescope 2 or EPR source (and vice versa) 

If final conditions are not met for either side at any time, can’t 
use the data and also claim to have closed locality loophole.
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causal alignment
How long are settings valid on each side with fresh random #?
##s? 

Unit vectors from Earth center to cosmic source

Spatial 3-vectors Telescopes measurementsEPR source

Refractive index Air Fiber from telescope to EPR detector

Processing Delays Optics, FPGA board, Pockell Cell switching...

If either             < 0, (k=A,B) configuration out of “causal alignment”

Handsteiner, Friedman+2017 (SM)
Friedman+2017 in prep.
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Space-time diagram: run 1

Handsteiner, Friedman+2017  
Fig. 2
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observed bell violation

-E11 -E12 -E21 E22
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0.5

1.0
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a1
b1

a1
b2

a2
b1

a2

b2

Handsteiner, 
Friedman+2017  

Fig. 4
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data analysis

“Noise Loophole”  
Need triggers by genuine cosmic photons, not local 
“noise” photons: atmospheric airglow, thermal dark 
counts, errant dichroic mirror reflections.  

Conservatively allow S=4 for any background events, S<2 
for cosmic photons.  Accounts for bias in red/blue ports. 

Observed sufficient signal-to-noise from cosmic sources.  

Highly significant Bell violation still observed: 
Run 1: 7.31 sigma, Run 2: 11.93 sigma 

See Handsteiner, Friedman+2017 (Supplemetal Material)
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Space-time diagram: stars

Handsteiner, 
Friedman+2017  

Fig. 3
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Spacetime diagrams: runs 1, 2

Run 1 Run 2

Handsteiner, Friedman+2017 (SM Fig. 2)

tAB = 2409 +/- 598 yrs  tAB = 4040 +/- 1363 yrs  

tAB

tAB

tAB Lookback time to when past light cones intersect

tA tA

tA= 604 +/- 35 yrs tA= 577 +/- 40 yrs

tA Lookback time to emission of light from nearest star (A)
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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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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.
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LC Intersection @Big bang

Animation 1 (F13a supplementary material) http://web.mit.edu/asf/www/causal_past.shtml
http://web.mit.edu/asf/www/01_conformal_movie.shtmlhttp://prd.aps.org/supplemental/PRD/v88/i4/e044038
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SDSS quasars - photometric and spectroscopic redshifts

quasar FLUX vs. redshift

Adapted 
from Fig. 3 
(GFK13)

Ground based 
optical flux. 

IR only usable 
from space 

Local Sky 
noise!

z~4.13 : FOpt ~ 2 × 104 photons s-1 m-2

z~3.65 : FOpt ~ 3 × 104 photons s-1 m-2 180 degrees
130 degrees
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which quasars to use?

Friedman+2017 in prep.

CANARY ISLANDS
Each dot represents a 
pair of quasars, each 
with z ≥ 4.13, jointly 
viewable from 
Canaries on a given 
night, with α  ≤ 130º

Past LC intersection during inflation
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2 (EPR) or 3 or more (GHZ) entangled particles
Greenberger, Horne, Zeilinger 1989;    Greenberger+1990;     Mermin 1990

2 or more cosmic sources

GFK13;   Friedman+2017f in prep.

Each cosmic source pair in set of N=2, 3 (or > 3) 
satisfies pairwise constraints from F13a
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ghz WITH CMB? 

Easy! Pick 3 CMB 
patches, each 
separated by 2.3o

Hard! Local noise 
dominates from 
ground (GFK14) 

Balloon based test in Antarctica?

3+ particles, Bell’s theorem without inequalities
QM, Local realism give opposite answers to yes/no questions

Greenberger, Horne, Zeilinger 1989;    Greenberger+1990;     Mermin 1990

Noise loophole 
limits better than 2-
particle Bell test 
(Hall 2011)
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extent of causal overlap

Fig. 2 (F13a)

Comoving spacetime 
4-volume  

What if Bell test correlations depended on causal overlap? 
Causal origin for entanglement via free will loophole? 

Size of purple region. 

Friedman+2017 in prep.

(use physical 
coordinates)
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Expected:  
Bell inequality always violated, for 
any z and α. That would rule out (or 
constrain) local hidden-variables 
theories as much as physically 
possible in our universe.

Unexpected:  
Bell inequality not violated for certain cosmic source pairs?!

Strangest:  
Degree of Bell violation depends 
on the distances to cosmic 
sources, or the extent of overlap 
of their past lightcones. 

S

θ

S

θ

  Implications for inflation? Quantum gravity?

possible outcomes

72
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COSMIC BELL Publications
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) 

Can the Cosmos Test Quantum Entanglement?,  
Friedman, A.S. 2014, Astronomy, Vol. 42, Issue 10, October 2014, pg. 28-33 [PDF] 

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) 

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) 
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