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EPR and	Bell
The	Parisian	zigzag
Bell	and	retrocausality

.. EPR (1935)

Einsten, Podolsky	&	Rosen	argued	that
QM must	be incomplete –	i.e., there
must	be	‘hidden	variables’, not
described	in	QM,	to	account	for
perfect	correlations	in	these	EPR
experiments.

The	EPR argument	assumed Locality –
i.e., no	‘action	at	a	distance’	from
Alice	to	Bob	or vice	versa.

This	seemed	uncontroversial:
“Measurements	on	separated	systems
cannot	directly	influence	each	other	–	that
would	be	magic.” (Schrödinger, 1935)

Huw	Price A New	Case	for	the	Paris	Option? 3/30
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.. Bell	(1964)

Bell	(1964): No local hidden	variable
theory	is	compatible	with	QM
predictions	in	these	cases.

Usual	reading: The	quantum	world	is
unavoidably nonlocal. In	some	subtle
sense, there	is	‘action	at	a	distance’
from	Alice	to	Bob	(and vice	versa).

“Quantum	mechanics	has	upended	many
an	intuition, but	none	deeper	than
[locality]. And	this	particular	upending
carries	with	it	a	threat, as	yet	unresolved,
to	special	relativity—a	foundation	stone	of
our	21st-century	physics.” (Albert	&
Galchen, 2009)
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Huw	Price A New	Case	for	the	Paris	Option? 5/30

In	assuming	Locality, EPR relied	on	the	principle	of	‘no	action	at	a	distance’.

But	in	the	late	1940s	a	Parisian	graduate	student	– shown	here	with	his
advisor	– spotted	a	loophole: he	saw	that	Alice’s	choices	could	affect	Bob’s
particle	(and vice	versa), without	action	at	a	distance, if	the	effect	followed
a	zigzag	path, via	the	past.
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Costa	de	Beauregard	thought	of	this	as	an objection to	the	EPR argument
(because	it	undermines	the	case	for	the	assumption	of	Locality).
Yet	it	can’t	undermine	EPR’s conclusion –	the	zigzag	is	not	there	in	standard
QM,	so	if	we	put	it	in, we	are	accepting	that	QM is	incomplete. (The	zigzag
needs hidden	variables, in	other	words.)
However, it	may	be	the	key	to	saving	Locality, in	the	face	of	Bell’s	Theorem.
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However, it	may	be	the	key	to	saving	Locality, in	the	face	of	Bell’s	Theorem.
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.. Bell’s	Theorem	and	retrocausality

Bell’s	argument assumes that	Alice’s
choice	of	measurement	setting	doesn’t
influence	the prior state	of	the	photon
(and	ditto	for	Bob).

The	Bell	correlations	are	easy	to
explain, in	principle, if	we	allow	such
‘retrocausality’	–	i.e., if	we	allow	the
Parisian	zigzag.

In	effect, we	save	Locality	(i.e. ‘no
action	at	a	distance’), and	the	tension
with	relativity	vanishes.

Question: So	why	isn’t	the	Parisian
zigzag	more	popular?
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SISS case, the argument depends on the
Assumption of Locality – but as long as that
holds, it is just arithmetic.

This piece of simple arithmetic now has a name
in quantum theory. It’s called Bell’s Inequality,
after the physicist who first saw its importance. (It
is called an ‘inequality’ because it says that the
correlation has to be at least 33%.) Why is it
important? Because, as Bell realised, quantum
mechanics predicts something different.
Depending on how we set up the experiment,
quantum mechanics predicts a correlation as low
as 25%, in these cases in which the two particles
are subject to different measurements.

One way to see how surprising this is is to notice
that if SISS hadn’t demolished the Niels Bohr
Institute, they could have used a real-life device,
based on quantum mechanics, to cheat the
arithmetic we derived above. In principle, it could
work like this. Electrons or photons would be
produced in the right kind of pairs, and directed
into mirrored boxes, where they could be stored
until needed.

Each candidate would take one box, and a three-
setting measurement device. They’d be instructed
to base the measurement setting on which of the
three possible questions they were asked, and to
base the answer to the question on the result of
the measurement on the particle in the box. With
careful experimental design, they could certainly
do better than the theoretical limit of 33% – in
principle, according to quantum mechanics, they
could reduce the number of occasions on which
they gave the same answer to different questions
to around 25%.

In other words, quantum mechanics enables our
swimmers to do something that is mathematically
impossible, if the Assumption of Locality is true.
So quantum mechanics must imply that the
Assumption of Locality is false! That was John
Bell’s great discovery.

Synchronised Spookiness
Thus Einstein had assumed Locality, and used it,
in an ingenious argument based on these two-
particle EPR experiments, to argue that quantum
mechanics is incomplete – that quantum theory
must be a fuzzy picture of a sharper reality. But
Bell showed that those same EPR experiments
could be used to show that the predictions of
quantum mechanics were inconsistent with the
Assumption of Locality. If quantum mechanics is
right, then the Assumption of Locality is wrong
anyway, and Einstein’s argument for the fuzzy
interpretation collapses.

For this reason John Bell is sometimes called the
man who proved Einstein wrong. But it is
important to be clear what Bell actually proved
Einstein to be wrong about. Bell did show that
Einstein must be wrong about the Assumption of
Locality (at least if quantum mechanics is true).
But he didn’t show, as people often wrongly
assume, that Einstein was wrong about quantum
mechanics being incomplete. It could still be true,
as Einstein thought, that there are extra ‘hidden
variables’, not described by quantum mechanics.
It is just that they couldn’t be local hidden
variables, satisfying the Assumption of Locality.
Somehow, the measurement made on one
particle would have to affect the hidden variables
of the other. (There are some well-developed

John Bellge.infn.it/ zanghi/quotes.html
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.. Other	common	objections

Common	responses	to	the	retrocausal	proposal:
...1 “Show	me	a	model”
...2 “Retrocausality	implies	retrosignalling, and	that	leads	to	paradoxes”.

Later, I want	to	show	that	we	can	do	something	to	respond	to	these	objections.

But	first: A new	argument	for	retrocausality	in	QM,	which	could	in	principle
have	been	discovered	long before the	EPR argument.
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.. The	classical	case	(right)

..

R = 0

. R = 1.
τ

. Beam.

Polarizing	crystal
set	at	angle σR

.

L = 0

.L = 1 .
τL

.Photon .

Polarizing	crystal
set	at	angle σL

.

Malus’	Law: IntensityR=1 = cos2(τ − σR), IntensityR=0 = sin2(τ − σR)
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.. The	classical	case	(left)

..

R = 0

. R = 1.
τR

. Photon.

Polarizing	crystal
set	at	angle σR

..

L = 0

.L = 1 .
τ

.Beam .

Polarizing	crystal
set	at	angle σL

‘T-reversed’: IntensityL=1 = cos2(τ − σL), IntensityL=0 = sin2(τ − σL)
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.. Defeating	the	Demon	of	the	Left?

..

R = 0

. R = 1.

L = 0

.L = 1 .
τ
.Beam

Suppose	we	control	the	left	polarizer	angle, σL, but not the	input	beams –	the
Demon	of	the	Left controls	those. Can	we	control	the	output	polarization, τ?

No! The	Demon	can	make τ whatever	He	likes, by	choosing	the	appropriate
input	intensities. (The	Demon	can	‘counteract’	our	wiggles, in	other	words.)
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.. Nature	as	the	Demon	of	the	Right

..

R = 0

. R = 1.

L = 0

.L = 1 .
τ
.Beam

Similarly, suppose	we	control	the right polarizer	angle, σR, but	not	the	output
beams – Nature controls	those. Can	we	control	the	input	polarization, τ?

No. Nature	absorbs	our	wiggles	in	changes	in	the	output	intensities, and τ
doesn’t	change. (So	no retrocausality here!)
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.. The	quantum	case	(right)
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τ
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Polarizing	crystal
set	at	angle σR
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L = 0
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.Photon .

Polarizing	crystal
set	at	angle σL

.

QM Malus’	Law: ProbR=1 = cos2(τ − σR), ProbR=0 = sin2(τ − σR)
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‘T-reversed’: ProbL=1 = cos2(τ − σL), ProbL=0 = sin2(τ − σL)
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.. Connection	and	control	again

..

R = 0

. R = 1.

Polarizing	crystal
set	at	angle σR

.

L = 0

.L = 1 .
τL
.Photon.

Polarizing	crystal
set	at	angle σL

...1 Polarization	as	a	local	mechanism	– intuitively, τL is	just	whatever
‘piece	of	reality’	(‘beable’)	connects changes on	the	left	to changes on	the
right. (Let Realism be	the	assumption	that	here	is	some	such	beable.)
...2 What	we	can	wiggle?
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Again, suppose	we	control	the	left	polarizer, σL, but not the	input	photons	–
the	Demon	of	the	Left	controls	those. Can	we	control τL?

Yes …	so	long	as	the	Demon has	to	put	the	photon	on	one	channel	or	other
(the Discreteness assumption). In	this	case, τL = σL or τL = σL + π/2. So	we	can’t
fix τL completely, but	we	can	restrict	it	to	just two possibilities. (‘Price	control’?)
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Suppose	we	control	the right polarizer, σR, but	not	the	output	beams	– Nature
controls	those. Can	we	control	some	property τR of	the	input	beam?

Yes, on	two	further	assumptions: (1) Discreteness: Nature	has	to	put	the
output	photon	on	one	channel	or	other; (2) Time-symmetry: if τL exists, so	does τR
(with	T-reversed	rules). Then τR = σR or τR = σR + π/2 –	again, we	can’t	fix τR
completely, but	we	can	restrict	it	to two possibilities. (Retrocausality!)
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controls	those. Can	we	control	some	property τR of	the	input	beam?

Yes, on	two	further	assumptions: (1) Discreteness: Nature	has	to	put	the
output	photon	on	one	channel	or	other; (2) Time-symmetry: if τL exists, so	does τR
(with	T-reversed	rules). Then τR = σR or τR = σR + π/2 –	again, we	can’t	fix τR
completely, but	we	can	restrict	it	to two possibilities. (Retrocausality!)
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.. Summary

We	have	shown	that	this	implication	holds:

Realism + Time-symmetry + Discreteness ⇒ Retrocausality

So	we	have	a	choice:

...1 Reject	at	least	one	of	the	principles	on	the	left; or

...2 Reject	the	principle	that	causation	only	works	‘forwards’.

Let’s	ask	the	man	in	the	street	for	some	advice	…

Huw	Price A New	Case	for	the	Paris	Option? 21/30
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...2 Time-symmetry
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...4 We	can’t	affect	the	past
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.. Objections	to	retrocausality, revisited

We	noted	two	common	objections	to	the	retrocausal	proposal:

“Show	me	a	model!”

“Retrocausality	would	imply	retro-signalling, and	that	would	lead	to
paradoxes. (I could	warn	my	grandmother	to	avoid	her	unhappy	marriage
to	my	grandfather.)”

But	it	is	easy	to	use	the	kind	of	experiment	we	have	just	been	considering	to
respond	to	both	objections.
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Alice	through	the	looking	glass
Summary

.. Objections	to	retrocausality, revisited

We	noted	two	common	objections	to	the	retrocausal	proposal:

“Show	me	a	model!”

“Retrocausality	would	imply	retro-signalling, and	that	would	lead	to
paradoxes. (I could	warn	my	grandmother	to	avoid	her	unhappy	marriage
to	my	grandfather.)”

But	it	is	easy	to	use	the	kind	of	experiment	we	have	just	been	considering	to
respond	to	both	objections.

Huw	Price A New	Case	for	the	Paris	Option? 24/30
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.. Causality	without	signalling	in	general

In	general, causality	need	not	imply	the	possibility	of	signalling.

In	this	case	Alice	certainly makes	a	difference to	the	output	sequence	of
bits	on	the	right	–	i.e., there’s causality, in	an	intuitive	sense.

But	she	can’t	use	it	to signal to	Bob.
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.. Causality	without	signalling	in	QM

If	Alice	controls	the	input	channel,
she	can	easily	control	the	polarization
of	a	series	of	photons, and	use	them
to	signal	to	Bob.

But	if	the	Demon	(Erutan)	supplies
photons	at	random	on	one	channel	or
other, it	is	just	like	our	earlier	case,
with	a	hidden	string	of	random	bits:
Alice makes	a	difference to	the
polarization, but can’t	use	it	to	signal.

Huw	Price A New	Case	for	the	Paris	Option? 26/30
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Summary

.. Applying	this	to	EPR-Bell

In	the	mirror, Ecila	(Alice’s	mirror-
image)	makes	a	difference	to	the
photon before it	reaches	her	polarizer.

This	difference	makes exactly the
same	contribution	to	the	explanation
of	the	correlations	in	the	depicted
EPR-Bell	experiment	as	Alice’s
influence	does	to	those	in	the	real
experiment. (No	surprise: the
symmetry	is	in	the	maths.)

But	Elica	can’t	signal	to	Bob, for
exactly	the	same	reason	that	Alice
can’t	signal	to	Bob	(and	we	don’t
need	the	Demon	in	Ecila’s	case	–
Nature	does	the	work	‘naturally’!)

Huw	Price A New	Case	for	the	Paris	Option? 27/30
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Summary

.. Unfair	to	Bob?

So	far, this	zigzag	version	of	EPR is
spatially	asymmetric	(and	gender
asymmetric!) –	but	we	can	easily	fix
this	by	giving	Bob	exactly	the	same
control	as	Ecila.

This	is	equivalent, obviously, to	the
control	that T-symmetry required	that
we	give	Bob	–	assuming Realism and
Discreteness –	in	the	original
time-like	experiment.

So	although	the	zigzag	(motivated	by
Locality	and	relativity), and	the	new
argument	(motivated	by	T-symmetry)
are	independent, they	lead	to	the
same	place, in	this	elegant	way.

Huw	Price A New	Case	for	the	Paris	Option? 28/30
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.. Two	arguments	for	the	Paris	option

...1 Bell’s	Theorem

The	usual	formulation

Locality+ ‘Independence’ (= ¬Retrocausality) ⇒ ¬QM

Equivalently

QM+ ¬Retrocausality ⇒ Nonlocality

= ‘Magic’	(Schrödinger)

Transposing

QM+ ‘No	magic’	(i.e., Locality) ⇒ Retrocausality

...2 The	new	argument [with	Realism	presupposed]

Quantization+ Time-symmetry ⇒ Retrocausality

Huw	Price A New	Case	for	the	Paris	Option? 29/30
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Further	reading

...1 H. Price, ‘Does	Time-Symmetry	Imply	Retrocausality? How	the	Quantum
World	Says	“Maybe”,’ SHPMP 43(May	2012), 75–83 arXiv:1002.0906v3

...2 P. Evans, H. Price	&	K.B. Wharton, ‘New	Slant	on	the	EPR-Bell
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