
Superfluids	
  

gas$

normal$$
liquid$

solid$

superfluid$

0$ 1.0$ 2.0$ 3.0$ 4.0$ 5.0$
Temperature$[K]$

pr
es
su
re
$[b

ar
]$

0$

40$

30$

20$

10$

λ>line$

C"

T"Tλ"

3kB"
2"

T"3"
0"
0"

T

V

NkB

Tc

3/2

C

C	
  

T3/2	
  

T3	
  

ideal	
  
bose	
  gas	
  

quantum	
  mel4ng	
  

real	
  
bose	
  liquid	
  

Superfluidity:	
  	
  	
  
	
  Bose-­‐Einstein	
  condensa4on	
  

+	
  
interac4on	
  

(collec4ve	
  modes)	
  

1	
  

4He	
  

Phonons	
  



Superfluids	
  
elementary	
  excita4ons	
  /	
  collec4ve	
  modes	
  

✏(p)

pp0

�

phonon%

roton%

vcp

real	
  spectrum	
  

finite	
  cri4cal	
  velocity	
  

v	
  <	
  vc	
  
fric4onless	
  

flow	
  

v	
  >	
  vc	
   slowing	
  
down	
  

Bogolyubov	
  theory	
  

0.5 1.0 1.5 2.0

1

2

3

4

5

en
er
gy
&

|~k|

E~k

✏~k

Un0

phonon&

v~k

=
~2k2
2m

=
q

✏2~k + 2Un0✏~k

deple4on	
  of	
  condensate	
  at	
  T=0	
  	
  

n0

nk

n0 < n

k

2	
  

decay	
  into	
  	
  
elementary	
  	
  
excita4ons	
  

no	
  decay	
  
possible	
  

not	
  all	
  bosons	
  
enter	
  the	
  condensate	
  

co
nd

en
sa
te
	
  



Superfluids	
   3	
  

Gross-­‐Pitaevskii	
  equa4on	
  
 ̂(~r) =  0(~r) + � ̂(~r)

condensate	
  
wave	
  func4on	
  

~ @
@t
 0(~r, t) =

 
�~2~r2

2m
+ V (~r)� µ+ U | 0(~r, t)|2

!
 0(~r, t)

 0(~r) =
p

n0(~r) e
i�(~r)

E =

Z
d3r


~2
2m

|~r 0(~r)|2 + {V (~r)� µ}| 0(~r)|2 +
U

2
| 0(~r)|4

�

V (~r) = 0

µ = Un0

contact	
  interac4on	
  

| 0|2 = n0



2D	
  Superfluids	
  	
  -­‐	
  	
  BKT	
  transi4on	
   4	
  
Berezinskii-­‐Kosterlitz-­‐Thouless	
  transi4on	
  

correla4on	
  func4on	
  
in	
  a	
  2D	
  film	
  	
   g(R) /

8
<

:

R�1/2e�k0R

R�⌘(T )

high	
  temperature	
  

low	
  temperature	
  

no	
  long-­‐range	
  order	
  at	
  finite	
  T,	
  but	
  change	
  of	
  correla4on:	
  	
  	
  	
  exponen4al	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  algebraic	
  

key	
  element:	
  topological	
  excita4on	
  
1D	
  Ising	
  ferromagnet	
  

domain	
  wall	
  

�F = EDW � TSDW

= 2Js2 � kBT lnN
TD	
  limit	
  

entropy	
  
dominates	
  

N ! 1

2D	
  superfluid	
  film	
  

vortex	
  	
  

�F =

⇢
~2n0⇡

m
� 2kBT

�
ln

✓
R

⇠

◆

no	
  phase	
  transi4on	
  at	
  T	
  >	
  0	
  

E,S / ln

✓
R

⇠

◆

BKT-­‐transi4on	
   kBTKT =
~2n0⇡

2m


