
6.       Quantum Mechanics 2, 3

lecture 23, October 20, 2017



housekeeping

Exam 2 

Next Friday, October 27 

Thornton and Rex, Chapters 3,4,5



today

real quantum mechanics
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the time  in QM

Uncertainty demands  it !
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Nature’s little joke
is encapsulated in a famous Feynman-description 

a Gedankenexperiment...
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two slit 
experiment
2 + 1 ways
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A

B

x

PA(D)

PB(D)
PA+B(D)

PA(D) PB(D) PA+B(D)+ =

Like	the	“classical”	situa6on	of	asking	what	is	the	

probability	of	ge@ng	heads	or	tails	in	a	coin	

flip...you’d	add	0.5	and	0.5.	

Two	slit	

experiment	

with	classical	

baseballs

S

D

PA(D)
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A

B

PA(D) PB(D) PA+B(D)+ ≠

Interference	causes	the	characteris6c	

diffrac6on	paMern

Two	slit	

experiment	

with	waves

25-6  Light Waves

TWO SLIT
INTERFERENCE PATTERN
If a single narrow slit can produce the same wave
pattern as an oscillating plunger, as we saw in Figure
(3), then we should expect that two slits next to each
other should produce an interference pattern similar to
the one produced by two oscillating plungers seen in
Figure (2).  That this is indeed correct is demonstrated
in Figure (9).  On the left we have repeated the wave
pattern of 2 plungers. On the right we have a wave
impinging upon two narrow slits.  We see that both
have the same structure of lines of nodes, with beams
of waves coming out between the lines of nodes.
Because the patterns are the same, we can use the same
analysis for both situations.

Sending a wave through two slits and observing the
resulting wave pattern is a convenient way to analyze
various kinds of wave motion.  But in most cases we do
not see the full interference pattern, as we do for these
ripple tank photographs.  Instead, we observe only
where the waves strike some object, and from this
deduce the nature of the waves.

To illustrate what we mean, imagine a harbor with a sea
wall and two narrow entrances in the wall as shown in
Figure (10).  Waves coming in from the ocean emerge
as circular waves from each entrance and produce a two
slit interference pattern in the harbor.  Opposite the sea
wall is a beach as shown.

If we are at point A on the beach directly across from
the center of the two entrances, we are standing in the
center beam of waves in the interference pattern.  Here

Figure 9
The wave pattern emerging from 2 slits is similar to the wave pattern produced by two plungers.

remember	
our	wave-slit	
pa2erns?

S

D



9

A

B

PA(D) PB(D) PA+B(D)+ ≠

Interference	causes	the	characteris6c	

diffrac6on	paMern

Two	slit	

experiment	

with	electrons?

25-6  Light Waves

TWO SLIT
INTERFERENCE PATTERN
If a single narrow slit can produce the same wave
pattern as an oscillating plunger, as we saw in Figure
(3), then we should expect that two slits next to each
other should produce an interference pattern similar to
the one produced by two oscillating plungers seen in
Figure (2).  That this is indeed correct is demonstrated
in Figure (9).  On the left we have repeated the wave
pattern of 2 plungers. On the right we have a wave
impinging upon two narrow slits.  We see that both
have the same structure of lines of nodes, with beams
of waves coming out between the lines of nodes.
Because the patterns are the same, we can use the same
analysis for both situations.

Sending a wave through two slits and observing the
resulting wave pattern is a convenient way to analyze
various kinds of wave motion.  But in most cases we do
not see the full interference pattern, as we do for these
ripple tank photographs.  Instead, we observe only
where the waves strike some object, and from this
deduce the nature of the waves.

To illustrate what we mean, imagine a harbor with a sea
wall and two narrow entrances in the wall as shown in
Figure (10).  Waves coming in from the ocean emerge
as circular waves from each entrance and produce a two
slit interference pattern in the harbor.  Opposite the sea
wall is a beach as shown.

If we are at point A on the beach directly across from
the center of the two entrances, we are standing in the
center beam of waves in the interference pattern.  Here

Figure 9
The wave pattern emerging from 2 slits is similar to the wave pattern produced by two plungers.

remember	
our	wave-slit	
pa2erns?

Same	result	as	

for	waves.

Maybe	not	a	surprise	
given	what’s	come	
before,	eh?

S

D

bang

bang

bang

bang

bang

bang
bang
bang

bang

bang

bang



probabilities don’t 
add 

it’s the quantum 
fields that do the 
wavy-ness!
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A

B

PA(D) PB(D) PA+B(D)+ ≠

S

D

bang

bang

bang

bang

bang

bang
bang
bang

bang

bang

bang

PD = |�A + �B |2

PD = �2
A + �2

A + �A�⇤
A

at	some	points	this	can	be	nega6ve,	

some6mes	posi6ve

 



which gap did any electron come through?

okay...let’s trick it 

rig an alarm that sounds when an electron 
goes through a slit. 
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A*

B*

Hah!
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A

B

Interference	has	

gone	away!!

Two	slit	

experiment	

with	electrons	
and	an	alarm?

25-6  Light Waves

TWO SLIT
INTERFERENCE PATTERN
If a single narrow slit can produce the same wave
pattern as an oscillating plunger, as we saw in Figure
(3), then we should expect that two slits next to each
other should produce an interference pattern similar to
the one produced by two oscillating plungers seen in
Figure (2).  That this is indeed correct is demonstrated
in Figure (9).  On the left we have repeated the wave
pattern of 2 plungers. On the right we have a wave
impinging upon two narrow slits.  We see that both
have the same structure of lines of nodes, with beams
of waves coming out between the lines of nodes.
Because the patterns are the same, we can use the same
analysis for both situations.

Sending a wave through two slits and observing the
resulting wave pattern is a convenient way to analyze
various kinds of wave motion.  But in most cases we do
not see the full interference pattern, as we do for these
ripple tank photographs.  Instead, we observe only
where the waves strike some object, and from this
deduce the nature of the waves.

To illustrate what we mean, imagine a harbor with a sea
wall and two narrow entrances in the wall as shown in
Figure (10).  Waves coming in from the ocean emerge
as circular waves from each entrance and produce a two
slit interference pattern in the harbor.  Opposite the sea
wall is a beach as shown.

If we are at point A on the beach directly across from
the center of the two entrances, we are standing in the
center beam of waves in the interference pattern.  Here

Figure 9
The wave pattern emerging from 2 slits is similar to the wave pattern produced by two plungers.

remember	
our	wave-slit	
pa2erns?

Same	result	as	

for	baseballs.

D

S
bang

A*

B*

So	the	sequence	“S-A-A*-D	occurred.

Now:	A*	is	a	DISTINGUISHABLE	event	from	B*

We	specified	the	path...  

and	that	changed	the	reality.

Every	6me	A*	rings	-	red	curve.	B*	rings,	blue	curve.



summarize

the classical 
situations

13

For	macroscopic	objects:	outcomes	add	“normally”:	

The	result	of		

whatgoesthroughA	and	whatgoesthroughB	is	

the	sum	of	whatgoesthrough(A	or	B)	

one	or	the	other

For	waves:	outcomes	interfere:	

the	result	of		

whatgoesthroughA	and	whatgoesthroughB	is	

the	interference	of	whatgoesthrough(A	and	B)	

both	at	the	same	=me	

the	waves	interfere

PA(D)



where is 
the 
electron
it’s real only when 
you make a 
measurement 

and your 
measurement can 
determine how it’s 
real
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}
The	electron	is	real	at	the	screen.		

it’s	unambiguously...there.	

the	“bang”	is	a	measurement}
what	about	here?

We	have	to	say	that	an	electron:		

• goes	through	both	slits	

• and	is	in	a	“superposi6on”	state,		

here	of	both	the	state						A	and	the	state					B  

As	soon	as	measurement	is	made...the	superposi6on	goes	

away	and	the	poten6ality	becomes	the	actuality...according	to	

the	probabilis6c	predic6on	of	the	Schroedinger	Equa6on.



what we can say is real

is now very tricky 

and not understood. 

We know that quantum fields contain all of their 
potentialities 

and a measurement “collapses” them into just one outcome
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the	concept	of	a	“measurement”	is	totally	not	understood.



the 
wavefunctions 
are 
everywhere

spread out and 
overlapping 

that’s how molecules 
stay together 

but...jeez. 
everywhere.

16

doesn’t	go	to	zero.

There’s	a	probability	that	the	

electron	in	one	of	your	water	

molecules	might	spend	a	brief	

6me	at	the	Louvre

A B

Something	big...seems	to	have	a	definite	trajectory

Something	6ny...doesn’t.



the wavefunctions are everywhere
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A B

 

 
 

 

 

 

 

 
 

 

They’re	waves,	aber	all.

Feynman’s	picture	

was	one	of	par6cles:	

which	take	all	

possible	paths

We	can	calculate	the	

wavefunc6on	at	any	

point,	very	

precisely...it’s	

completely	

determinis6c

make	a	measurement....there

| |2the	electron	is	there	with	probability	

| |2

The	trajectory	of	a	big	object?

Overwhelmingly	probable	quantum	
likelihood:	the	classical	path

Only	then	is	it	real.



so where is a quantum

before it’s measured?  

anywhere? everywhere? 

yeah.
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to take it to an absurd conclusion:  
the dreaded Schroedinger’s Cat

proposed by Schroedinger as an absurdity  

because he too had become disgusted with this own creation - he 
switched to biology!
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Schroedinger must have been a dog person
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xx

Imagine:	

a	radioac6ve	source,		

Geiger	counter,	and		

a	glass	boMle	of	a	deadly	poison	

with	a	cat		

in	a	box,		

a	weight	drops	on	the	glass,	breaking	it		
aber	the	first	radioac6ve	decay?		

...dead	cat.



Schroedinger must have been a dog person
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xx?

Now	imagine	that	the	radioac6ve	

nucleus	as	a	half	life	of	10	sec.	
so,	aAer	10	s,		
50-50	chance	that	it	has	decayed	

Set	it	all	up...wait	for	10	seconds.	

what	is	the	state	of	the	cat?	
alive	or	dead?		
or	both?



“Copenhagen Interpretation”
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It	is	meaningless	

to	speak	of	reality	without	a	measurement	

En66es	have	no	definite	reality	

the	cat	is	neither	alive	nor	dead	
or	it	is	both	

To	know	you	must	open	the	box	

make	a	measurement



this is how we have to think about it:

before measurement: alive-dead state - 
superposition state of both 

after measurement: is either alive or dead
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here’s our house
just before painting 
last year 

need to pick a color: 

my wife says “red” 

I say “blue” 
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quantum	paint



I expect it to be:

purple 

mixing red and blue
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quantum quantum



but the quantum mechanical paint
that I paid extra for? 

can’t “exist” in a 
superposition, mixed state.  

Only one state. 

sometimes it’s red
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quantum



but the quantum mechanical paint
that I paid extra for? 

sometimes it’s blue
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quantum



it’s never the 
mixture

that it potentially might 
be 

one or the other 

More red paint? 

not redder...just red more often
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the	cat	is	either	alive	or	dead,	

not	both.



“ Richard	Feynman

But	we	can	calculate	with	Quantum	Mechanics	very,	very	well.		

We’re	all	highly	skilled	Quantum	Mechanics

I	think	I	can	safely	say	that	nobody	understands	

quantum	mechanics.
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the quantum corral
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How about  very large n ?  PC A)
nt

0.5
,

the  classical result .

Bohr 's Correspondence Principle again .



Uncertainty ,
Grown Up
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general solutions : 4 = A  sink
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