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Quantitative particle-wave relation 
(“de Broglie relation”):

velocity

Planck’s constant, 
~ 6 x 10-34 joule secs

wavelength
(wave property)

mass (particle
properties)



≪	a:
No diffraction:
“Particle-like”

 ≳	a
Diffraction and 
interference

since    = h/mv (De Broglie) to get   ≳	a		need

Boltzmann’s	
constant,	~10‐23 joules/degree

In	a	gas/liquid/solid,	take	“slit	width”	a	~	interparticle spacing

 to	get	“wavelike”	behavior,	need	 for	atoms
T	≲20K/ atomic	number

electrons	show	“wavelike”	behavior	for	all	T	in	liquid/solid	phase
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When does a “wave” behave like a “particle”?
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need: T ≲	20 K/ atomic	no. 	and	liquid!

Atoms:	helium	 and	ultracold atomic	gases
Electrons:	all	liquid/solid	metals
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aaaaaa aa

Bob Fred

Which is Bob and
which is Fred?

or

?

Indistinguishablity of elementary particles

Because particles behave like waves, impossible to “tag” them.

Evidently, for this property to be important, must be able 
to change places
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Result of indistinguishability:

“QUANTUM STATISTICS”

“fermions”

energy of state 
“Fermi energy”

“bosons” (Spin 0, ħ,	…

energy of state



I. Qualitative argument:
Distribute N objects between 2 boxes: what is probability P(M)
of finding M in one box?

A.  Objects
distinguishable
( coin toss):

P(M)
=N!

M! N=M!

B.   Objects
indistinguishable
(bosons):

II.    Quantitative argt. (Einstein, 1925):
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Condition for this to happen: roughly, T ≲ h /2mk a (as above)

WHY BEC?

ni(T) = [exp (i  (T)/kBT1)]1

(T) fixed by:

T    : T  .  But what if        

n 	 T: μ T N

exp	 ε /k T 1 N?

Einstein: Macroscopic no. of particles occupy lowest (=0) state!

chemical potential, 	0

total no. of particles

 energy

all objects
in one box

 energy
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HOW TO SEE BEC OCCURRING?

LITERALLY

Magnetic/Laser
Potential

Normal
State (T  Tc)
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Noninteracting
Bose Gas, T  Tc

Normal
Comp.

~ XZP
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Interacting
Bose Gas, T  Tc

Normal
Comp.



(typically ~ 1 revolution/ 
hour!)

h/mv

L = mvR = nħ
ang. momentum

(ħ	 h/2
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Superconductivity
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Need preference for “good” over “bad”
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macroscopic P-violating effect?
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