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Day	38:		
Hidden	Variables	
Local	Realism	
EPR	Thought	Experiments	

Up	Next:	
TesGng	Local	Realism	

Single-Photon	Experiments	
And	see	Readings	and	reading	quesGons	for	HW	

Local	Realism	&	The	EPR-Paradox	

“The	problems	of	language	here	
are	really	serious.	We	wish	to	
speak	in	some	way	about	the	
structure	of	the	atoms.	But	we	
cannot	speak	about	atoms	in	
ordinary	language.“	
!

- Werner Heisenberg!

Neils	Bohr	and	Werner	Heisenberg	

•  A seed is a square with some dots on it. 
•  The farmer always plants 4 seeds in a group. 

       First Group:                    Second Group: 

 
 

•  Farmer observes # of sprouts each group produces. 

The Farmer and the Seeds 
(a parable of scientific reasoning) 
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QuesGons	from	
this	story:	

1.  How	could	we	decide	if	any	of	these	three	schemes	is	the	
correct	one?	

2.  If	the	farmer	had	to	wait	to	plant	more	seeds,	are	there	
reasons	we	might	in	the	meanGme	favor	one	scheme	over	
another?	

3.  How	do	we	know	if	we’ve	figured	out	all	the	possible	
schemes?	

4.  Where	did	these	schemes	we’ve	been	discussing	come	
from?		(Note:	This	quesGon	is	not	about	the	elements	of	
the	schemes,	but	the	decisions	as	to	what	elements	to	use	
and	how	to	use	them.)	

Possible	Schemes	
1.  Totally	Random	(???)	
2.  (Number	that	is	even)	=	2	Sprouts	
3.  [(Sum	of	all	Numbers)	–	3]	/	2	=	2	Sprouts	

A	MODEL	
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COMPETING	THEORIES	

EVEN	NUMBER	THEORY	
OF	SPROUTS	&	SEEDS	
(#	OF	SPROUTS)	=	2	SPROUTS	

COMPLEX	THEORY	OF	SEEDS	&	SPROUTS	
(#	OF	SPROUTS)	=	[(1	+	1	+	2	+	3)	-	3]	/	2	=	2	SPROUTS	

2	sprouts!	

…constrained	by	observaGon	

EVEN	NUMBER	THEORY	
OF	SPROUTS	&	SEEDS	
(#	OF	SPROUTS)	=	2	SPROUTS	

COMPLEX	THEORY	OF	SEEDS	&	SPROUTS	
(#	OF	SPROUTS)	=	[(1	+	1	+	2	+	3)	-	3]	/	2	=	2	SPROUTS	

2	sprouts!	

What	does	combining	these	numbers	
								physically	represent?	

INTERPRETATION	

Why	even?	

Why	subtract	3?	
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Summary	
•  ScienGsts	“make	up”	theories	to	explain	the	evidence	they	see.	
•  These	theories	are	constrained	by	experiment.	
•  We	can’t	always	open	up	the	seed	and	look	inside.	Have	to	

make	inferences	from	indirect	evidence.	
•  A	theory	with	a	plausible	mechanism	is	more	convincing	than	a	

rote	algorithm.	
•  The	more	different	cases	our	theory	works	on,	the	more	we	

believe	it.	
•  But	it	could	always	be	wrong…	

8	

Today:		
1.  Reminders	of	probability	and	Stern-Gerlach	
2.  InterpretaGons	of	repeated	spin	measurements	
	 	(hidden	variables).	

2.	Local	Realism	(an	intuiGve	view	of	the	universe).	
3.	Distant	correlated	measurements	and	what	they	imply	about	

	the	nature	of	reality.	

This	Week:		
1.  Longer	readings	(on	D2L),	different	approach	to	homework.	
2.  Less	calculaGons,	more	words.	
3.  Respond	to	reading	quesGons	(posted	on	the	hoemwork).	
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Z↑

X↑

X↓50%	

50%	

We	can’t	predict	ahead	of	Gme	whether	an	atom	will	exit	through	
the	plus-channel	or	the	minus-channel	of	Analyzer	2,	only	that	
there	is	a	50/50	chance	for	either	to	occur.	

We	always	get	one	of	two	possible	results:													or	
	
With	Analyzer	2	oriented	at	900	to	Analyzer	1,	either	result	
	

	or																is	equally	likely.	X↑ X↓

X↑ X↓

Z↑

X↑

X↓50%	

50%	

What	would	be	the	expectaGon	(average)	
value	for	mX?	 ?Xm =

A) 	-mB	
B) 	-1/2	mB	
C) 	0	
D) 	+1/2	mB	
E) 	+	mB	

 ( ) x x x dxρ
+∞

−∞
= ∫

For	conGnuous	x		

For	Discrete	x	

1
( )

n

i i
i

x x P x
=

=∑
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Z↑

X↑

X↓50%	

50%	

What	would	be	the	expectaGon	(average)	
value	for	mX?	

( ) ( )X X B X Bm P m P m⎡ ⎤ ⎡ ⎤= ↑ + + ↓ −⎣ ⎦ ⎣ ⎦

(0.50)( ) (0.50)( ) 0B Bm m= + + − =

Z↑

X↑

X↓50%	

50%	

Interpreta:on	One	
	

An	atom	with	a	definite	value	of	mZ	also	has	a	definite	value	
of	 mX	 but	 that	 value	 changes	 so	 rapidly	 that	 we	 can’t	
predict	it	ahead	of	Gme.	
	

(Remember,	magneGc	moments	
precess	in	the	presence	of	a		
magneGc	field.)	
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Z↑

X↑

X↓50%	

50%	

Other	Interpreta:ons?		
A.	?	
B.		
C.		
D.	…	

Z↑

X↑

X↓50%	

50%	

Interpreta:on	Two	
	
An	atom	with	a	definite	value	of	mZ	also	has	a	definite	value	
of	mX	 but	measuring	mZ	 disturbs	 the	 value	of	mX	 in	 some	
unpredictable	way.	
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Z↑

X↑

X↓50%	

50%	

Interpreta:on	Three	
	

An	atom	with	a	definite	value	of	mZ	doesn’t	have	a	definite	
value	of	mX.		All	we	can	say	is	that	there	is	a	50%	probability	
for	 either	 value	 to	 be	 found	 when	 we	 make	 the	
measurement.	

A)  Interpreta:on	One:		An	atom	with	a	definite	value	of	mZ	
also	has	a	definite	value	of	mX,	but	 that	value	changes	
so	rapidly	that	we	can’t	predict	it	ahead	of	Gme.	

B)  Interpreta:on	Two:		An	atom	with	a	definite	value	of	mZ	
also	 has	 a	 definite	 value	 of	 mX	 but	 measuring	 mZ	
disturbs	the	value	of	mX	in	some	unpredictable	way.	

C)  Interpreta:on	Three:	 An	 atom	with	 a	definite	 value	of	
mZ	doesn’t	have	a	definite	value	of	mX	unGl	measured.	

D)  A	&	B	seem	equally	reasonable.	

E)  Something	else…	

Which	interpretaGon	sounds	most	reasonable	to	you?	
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By	either	of	the	first	two	interpretaGons,	the	value	of	mX	for	an	
	

atom	in	the	state											would	be	called	a	hidden	variable.	
Z↑

Hidden	Variables	

If	mX	has	some	real	value	at	any	given	moment	in	Gme	that	is	
	unknown	to	us,	then	that	variable	is	hidden:	

	
• 	The	value	of	mX	exists,	but	we	can’t	predict	ahead	of	Gme	what	

	we’ll	measure	(“up”	or	“down”).	
	
• 	The	objec6vely	real	value	of	mX	is	unknown	to	us	unGl	

	we	make	an	observaGon.	

21	

•  Classical	Experiment:	
–  Take	a	blue	sock	and	a	red	sock	
–  Seal	them	up	in	idenGcal	boxes	
–  Mix	up	boxes	
–  Take	them	to	opposite	ends	of	galaxy	
–  Open	just	one	box,	and	you	know	what	color	sock	is	in	the	other	box.	

Classical	Ignorance	vs.	Quantum	Uncertainty	
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Classical	Ignorance	vs.	Quantum	Uncertainty	

• 		No	one	knew	which	color	was	in	which	box	unGl	the	moment	one	
	of	the	boxes	was	opened.	

• 		Opening	the	first	box	only	revealed	to	us	something	that	was	
	real	and	already	predetermined	here	on	Earth.	

• 		Quantum	mechanics	would	say	the	“quantum	socks”	were	in	a	
	superposi6on	state	of	equal	parts	blue	and	red.	

	
• 		Opening	just	one	box	instantly	forced	both	socks	to	assume	

	definite	(but	always	opposite)	colors	at	random,	even	
	though	the	boxes	are	very	far	apart.	

• 	Local	Realism	says	that	superposiGon	state	is	a	reflecGon	of	
	classical	ignorance.	

( ) ( )X X B X Bm P m P m⎡ ⎤ ⎡ ⎤= ↑ + + ↓ −⎣ ⎦ ⎣ ⎦

Albert	Einstein	believed	that	the	properGes	of	a	physical	system	are	
objec6vely	real	–	they	exist	whether	we	measure	them	or	not.	
	
Einstein,	Podolsky	and	Rosen	(EPR)	believed	in	the	reality	of	hidden	
variables	not	described	by	quantum	mechanics.	

What	do	they	mean	by	complete?	
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Completeness	

• 	 	 Quantum	 mechanics	 doesn’t	 predict	 what	 value	 of	 mX	 will	 be	
	measured,	only	the	probability	for	a	specific	outcome.	

• 	 	 A	 theory	 that	 can’t	 describe	 (predict)	 the	 value	 of	 a	 real	 (but	
	unknown)	physical	quanGty	could	be	called	incomplete.	

• 	 	A	Realist	(hidden	variable)	interpretaGon	would	say	that	quantum	
	mechanics	is	incomplete	(Interpreta:ons	One	&	Two).	

• 	 	 Interpreta:on	 Three	 says	 that	mX	 doesn’t	 have	 a	 definite,	 real	
	value	-	the	value	of	mX	is	indeterminate.	

•  	 Quantum	 mechanics	 is	 not	 necessarily	 incomplete	 if	 it	 doesn’t	
	describe	the	value	of	a	physical	quanGty	that	doesn’t	have	a	
	definite	value	to	begin	with.	

Locality	
EPR	make	one	other	assump6on,	but	is	it	really	an	assumpGon?	

1	 2	

Suppose	we	have	two	physical	systems,	1	&	2.	

If	1	&	2	are	physically	separated	from	one	another,	locality	assumes	
that	 a	 measurement	 performed	 on	 System	 1	 can’t	 affect	 the	
outcome	of	a	measurement	performed	on	System	2,	and	vice-versa.	

1	 2	
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Put	together	a	Realist	perspec6ve	and	the	assump6on	of	locality	
and	we	get	an	interpretaGon	of	quantum	mechanics	that	we’ll	call	
Local	Realism.	

Is	this	a	quesGon	of	science	or	philosophy?	
How	could	we	decide?	

Local	Realism	says	that	hidden	variables	exist	and	that	quantum	
mechanics	is	an	incomplete	descripGon	of	reality.	

Local	Realism	

Can	we	devise	an	experiment	to	test	whether	the	assumpGons	of	
Local	Realism	are	correct?	

Yes!!		But	first	we	have	to	learn	about	entanglement…	

Entanglement	

Suppose	we	have	a	source	that	produces	pairs	of	atoms	traveling	in	
opposite	direc6ons,	and	having	opposite	spins:	

1	 2	 2	1	

1	 2	 2	1	

OR	Total	spin	=	0	
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1	 2	

Place	two	Stern-Gerlach	analyzers	to	the	lew	and	right	of	the	source,	
and	oriented	at	the	same	angle.	

Let																represent	the	quantum	state	of	both	atoms	1	&	2.	
	
How	would	we	represent	this?	

12Ψ

Entanglement	

1	 2	

12 1 2Ψ = ↑ ↓

If	Atom	1	exits	through	the	plus-channel	of	Analyzer	1,	then	
					Atom	2	will	always	exit	through	the	minus-channel	of	Analyzer	2.	

We	can	write	this	state	as:	

Entanglement	

1	 2	 2	1	
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1	 2	

12 1 2Ψ = ↓ ↑

If	Atom	1	exits	through	the	minus-channel	of	Analyzer	1,	then	
					Atom	2	will	always	exit	through	the	plus-channel	of	Analyzer	2.	

We	can	write	this	state	as:	

Entanglement	

1	 2	 2	1	

1	 2	

• 		We	can’t	predict	what	the	result	for	each	individual	atom	pair	will	
be.	

• 																																			and																																		are	both	equally	likely.	
	

• 		Quantum	mechanics	says	to	describe	the	quantum	state	of	each	
	atom	pair	as	a	superposi6on	of	the	two	possible	states:	

	
• 		When	we	perform	the	measurement,	we	only	get	one	of	the	two	

	possible	outcomes,	each	with	a	probability	of	1/2.		
*NB:	not	normalized!	

12 1 2 1 2Ψ = ↑ ↓ + ↓ ↑

12 1 2Ψ = ↓ ↑12 1 2Ψ = ↑ ↓

Entanglement	

*	
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1	 2	

		We	measure	at	analyzer	1		
	
What	is	the	wave	funcGon	(state):	
a)  																													

								
b)  			
	
c)	
	
d)	We	can	tell	anythign		

12 1 2 1 2Ψ = ↑ ↓ + ↓ ↑

12 1 2Ψ = ↓ ↑

12 1 2Ψ = ↑ ↓

Entanglement	

↓1

1	 2	

		We	measure	at	analyzer	1		
	
What	is	the	wave	funcGon	(state):	
a)  																													

								
b)  			
	
c)	
	
d)	We	can	tell	anythign		

12 1 2 1 2Ψ = ↑ ↓ + ↓ ↑

12 1 2Ψ = ↓ ↑

12 1 2Ψ = ↑ ↓

Entanglement	

↓1
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1	 2	

Experiment	One	

• 		Rotate	the	analyzers	by	any	angle,	as	long	as	they’re	both	
	poinGng	along	the	same	direc6on.	

• 		If	we	measure	along	the	x-axis,	the	result	is	either	
	

																																																									or	

• 		If	we	measure	along	the	z-axis,	the	result	is	either	

																																																									or	
	
• 		This	is	true	no	mayer	what	angle	we	choose,	as	long	as	

	both	analyzers	point	along	the	same	direc6on.	

12 1, 2,X XΨ = ↓ ↑12 1, 2,X XΨ = ↑ ↓

12 1, 2,Z ZΨ = ↑ ↓ 12 1, 2,Z ZΨ = ↓ ↑

1	 2	

Experiment	One	

• 		The	results	of	Experiment	One	show	that	the	measurements	
	performed	on	Atom	1	and	on	Atom	2	are	an6-correlated.	

• 		An6-correlated	means	that,	whatever	answer	we	get	for	Atom	1,	
	we’ll	get	the	opposite	answer	for	Atom	2,	as	long	as	we’re	
	asking	the	same	ques6on.	

• 		Atom	pairs	in	a	correlated	state	
	

are	said	to	be	entangled.	
12 1 2 1 2Ψ = ↑ ↓ + ↓ ↑

12 1 2Ψ ≠ Ψ ΨNote	that 	 	 	!!	
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Experiment	Two	

5	km	 5	km	
+	1	meter	

1	 2	
+	

-	

+	
-	

• 		Analyzer	1	(watched	by	Albert)	is	placed	5	km	to	the	lew	of	the	source.	

• 		Analyzer	2	(watched	by	Niels)	is	placed	5	km	plus	one	meter	to	the	
	right	of	the	source.	

	
• 		Perform	Experiment	One,	exactly	as	before.	

• 		How	is	this	experiment	different	from	the	first?	

Albert	 Niels	


