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¡  Final	Exam	is	Ready	
§  10	questions	
§  ~1/3	points	on	material	on	first	midterm	
§  ~1/3	points	on	material	on	second	midterm	
§  ~1/3	points	on	material	since	second	midterm	

§  Sample	final	and	extra	questions	on	last	1/3	posted	

¡  You	are	allowed	a	calculator,	and	both	sides	of	an	8.5x11	
page	for	an	equation	sheet	

¡  Final	7:30-9:30	am	Friday	5/11	in	Van	70	(this	room)	
§  Donuts	on	me!	



¡  Physics	is	also	awesome!	



¡  The	evolution	of	systems	is	
probabilistic	rather	than	
deterministic	

§  Schrödinger’s	equation	
describes	a	wave	function,	
which	when	squared	is	a	
probability	density		

§  Einstein’s	knee-jerk	
response:	“God	does	not	play	
dice”	



¡  Particles	sometimes	behave	like	particles	and	
sometimes	like	waves	

§  Not	only	that,	they	know	when	to	behave	like	particles	or	
waves	based	upon	how	you	are	observing	them!	



¡  “Quantum	Eraser”	experiments	show	that	particles	can	be	
forced	to	behave	like	either	particles	or	waves	“after	the	
fact”	–	retro-causality!		



•  After	it	is	observed,	something	described	by	a	wave	suddenly	has	a		
definite	position	–	how	does	that	happen?		



What	is	so	special	about	the	measurement/observation	process?		

Is	consciousness	special?		





Even	good	scientists	have	silly	ideas	sometimes…	



¡  If	you	can’t	actually	observe	the	wave	function	itself,	is	it	
really	a	“real”	thing?	
§  Even	the	amplitude	can	only	be	“observed”	with	an	ensemble	of	

measurements,	so	is	the	amplitude	even	a	“real”	thing?			







¡ Measurement	in	one	location	can	affect	
particles	in	another	–	non-locality!	
§  This	appears	to	violate	special	relativity!		





¡  Physical	systems	do	not	have	
definite	properties	prior	to	being	
measured,	and	QM	can	only	predict	
probabilities	that	measurements	
will	produce	certain	results.		

¡  The	act	of	measurement	affects	the	
system,	causing	the	set	of	
probabilities	to	reduce	to	only	one	
possible	value	immediately	after	
the	measurement.	

¡  Non-deterministic	
¡  Non-local	
¡  Causality	somewhat	sketchy	
¡  Wavefunction	not	“real”	



¡  The	wave	function	is	purely	probabilistic	and	
only	has	meaning	for	a	large	number	of	
particles	
§  Deterministic?	
§  Non-local	

§  Hard	time	dealing	with	single	particles!	



¡  Every	particle	is	a	physical	point	object,	but	is	
accompanied	by	a	“pilot	wave”	that	guides	its	motion.		

¡  Deterministic	
¡  Non-local	
¡  Wave	function	“real”	



¡  Solutions	to	Schrödinger	equation	propagate	
both	forward	and	backward	in	time,	and	
exchange	energy	and	momentum	when	
interacting	
§  Non-deterministic	
§  Non-local	
§  Non-causal	
§ Wave	function	“real”	



¡  Every	quantum	outcome	is	realized	–	the	universe	splits	at	
each	branch	point	

¡  Deterministic	and	local!	
¡  Wave	function	is	“real”	



¡  It	works	–	just	calculate!	



¡  Wave	functions	collapse	through	“decoherence”	
§  The	wave	function	of	the	object	and	the	wave	
function	of	the	external	world	(the	“observer”)	
become	entangled	





QED	=	Quantum	ElectroDynamics	



Unsolved	










