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Result:

A. Look to see whether path B or C is followed:

(a) Every individual atom (etc.) follows either B or C.

(b) PB or C = PB + PC (“common sense” result)

B. Don’t look:

PB or C ≠ PB + PC

In fact, can have:

PB ≠ 0, PC ≠ 0, but PB or C = 0!
(“total destructive interference”)

NEITHER B NOR C “SELECTED”…BY

EACH INDIVIDUAL ATOM!
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Account given by quantum mechanics:

• Total amplitude to go from A to E sum of 
amplitudes for possible paths, i.e. 
A→B→E and/or A→C→E

• Probability to go from A to E = square of 
total amplitude

Each possible process is represented by a 
probability amplitude A which can be 
positive or negative
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1. If C shut off:  Atot = AB ⇒ P (≡ PB) = 

2. If B shut off:  Atot = AC ⇒ P (≡ PC) =

3. If both paths open:

Atot = AB + AC ← “SUPERPOSITION”

⇒ P (≡ PB or C) =        = (AB + AC)2 =               
+ 2 AB AC

⇒ PB or C = PB + PC + 2ABAC
↑

“interference” term

TO GET INTERFERENCE, AB AND AC
MUST SIMULTANEOUSLY 
“EXIST” FOR EACH ATOM

2AB

2
CA

2
totA 2 2

B CA  + A
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PB or C = PB + PC + 2ABAC

Suppose AC =  ±AB, at random.  Then 

average of PB or C is

B or C B C B C
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P  = P + P  + 2A A

but A A  = av. of +A  and -A  = 0
so

     P =P + P    “COMMO

                                        

N SENSE” RESULT,
i.e.“as if” each system 
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CONCLUSION:  IF AB =  AC AT RANDOM, ALL 
EXPERIMENTAL RESULTS “AS IF” EACH 
SYSTEM REALIZES EITHER B OR C.
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Interpretation of QM probability amplitudes:

1. Directly from experimental data 
(interference): in experiment, not true 
that each atom realizes either B or C.

2. In QM formalism, interference is a 
result of simultaneous nonzero values 
of amplitudes AB, AC.

Natural inference:

whenever AB, AC are simultaneously 
nonzero, not true that each system 
realizes either B or C.



SCHLC- 8



SCHLC- 9

In quantum mechanics, if state 1 → state 1' and state 2 → 2' , 
then superposition of 1and 2 → superposition of 1' and 2'.

Here, B → cat alive
C → cat dead

∴ Superposition of B and C 
→ superposition of “alive and “dead”!

i.e.
ampl. (cat alive)  ≠ 0

ampl. (cat dead)  ≠ 0



SCHLC- 10

Some “resolutions” of the Cat paradox

(a) Assume quantum mechanics is universal

(i) Extreme statistical

(ii) “many-worlds”

(iii) “Orthodox” resolution:

Recall

PB or C = PB + PC + 2ABAC “interference” term

If AC =  ± AB at random,

averages to zero
PB or C = PB + PC + 2ABAC = PB + PC

i.e., everything “as if” each system realized either B or C.

Effect of “outside world” is, generally speaking to 
randomize sign; more effective as system gets larger.

interference term vanishes for          
“everyday”objects (cats!)  (“decoherence”)

each system chooses either B or C?
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(b) Assume quantum mechanics breaks down at some 
point en route from the atom to the cat.

e.g. GRWP* theory

- in typical “measurement” situations, all statistical 
predictions identical to those of standard quantum 
mechanics.

- universal, non-quantum mechanical “noise” 
background

- induces continuous, stochastic evolution to one or 
the other of 2 states of superposition

- trigger:  “large” (> 10-5 cm.) separation of center of 
mass of N particles in 2 states

- rate of evolution  ∝ N

also, theories based (e.g.) on special effects of gravity 
(Penrose, …)

“macrorealism”:  at level of “everyday life”, one state or
the other always realized.

____________________
*Ghirardi, Rimini, Weber, Pearle
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How do we tell?
If all “everyday-scale” bodies have the property that 
the interference term is randomized (“decoherence”), 
always get “common sense” result, i.e. all 
experimental results will be “as if” one path or the 
other were followed.

⇒ cannot tell.
So:  must find “everyday-scale” object where 
decoherence is not effective.  Does any such exist?

Essential:
− difference of two states is at “everyday” level
− nevertheless, relevant energies at “atomic” level
− isolation from outside world
− very low intrinsic dissipation

QM CALCULATIONS HARD!

BASE ON:

a)   A PRIORI “MICROSCOPIC” DESCRIPTION     

b)   EXPTL. BEHAVIOR IN “CLASSICAL” LIMIT   

decoherence 
ineffective
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The most direct extension of microscopic 
experiments:

Molecular diffraction*

(a.) Beam does not have to be monochromated or
collimated

(b.) “Which-way” effects?
Oven is at 900–1000 K
⇒ many vibrational modes excited
4 modes infrared active ⇒
absorb/emit several radiation quanta on passage

through apparatus!

Why doesn’t this destroy interference?

}
~100 nm

C60 z

z

I(z) ↑

__________________________________
*Arndt et al., Nature 401, 680 (1999); Nairz et al., Am. J. Phys. 71, 
319 (2003).

Note:

?
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Whenever observed, system appears always 
to be in one or other of these two states.

What if it is not observed?

Ψ = 2-1/2 (| > + | ) ?
i.e. quantum superposition of macroscopically 
distinct states?
How would we tell? (Denote (| >≡ , | > ≡ )

15“Flux qubit”:  schematic

Experimental fact:  at the “classical” level, system has two 
macroscopically distinct states:

+ -
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What is state of system at time tint?
(a) it is definitely either or   
(b) it is a quantum superposition of     and     

According to QM:

so if (a), then at tf probability of      ≠ 0
If (b), with correct choice of times etc.,

So for (b), at tf probability of    = 0.
Experiments favor (b)!
So, everything consistent with QM 

superposition at tint…

+ -

+ +

- -
ti tint

+ -

+ + +

---
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+ + +

---

and

ti                                 tint tf
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amplitudes
cancel (“destructive 

interference”)
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SYSTEM

NO. OF PARTICLES
INVOLVED IN 
SUPERPOSITION

Free-space molecular ~1200
diffraction (C60, C70)

Magnetic Biomolecules ~5000

Quantum-Optical Systems ~106

SQUIDS ~104 - 1010

Cf: smallest visible ~103 - 1015

dust particle

} depends on
definition of
“involved”

By most definitions, states of SQUID more 
“macroscopically distinct” than those of dust particles!

Where to go next?

- Larger/more complex objects
- Nanomechanical/optomechanical systems
- Superpositions of states of different biological 

functionality (Rhodopsin / DNA / ….)

*  - Direct Tests of Macrorealism
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Possible outcomes of SQUID experiment.

a) Experiment doesn’t work (i.e., too much 
“noise” ⇒ quantum-mechanical 
prediction for K is < 2).

b) K > 2 ⇒ macrorealism refuted

c) K < 2 ⇒ quantum mechanics refuted at 
everyday level.    ?!


