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Degenerate Fermions
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Fermions fill  energy levels up to the Fermi 
energy 

Exciting fermions deep in the Fermi sphere 
has an energy cost

Fermions close to the Fermi surface can easily 
scatter
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Fermi sphere

The difermion condensate induces some symmetry breaking 

Cooper theorem: Any arbitrarily attractive interaction            Cooper pairing
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Goldstone boson with 
a linear dispersion law  
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superfluidity is satisfied
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ρ = ρn + ρs j = ρnvn + ρsvs

Landau two-fluid theory

Normal component
phonons, rotons...

Superfluid component

∂tρ + divj = 0

Dissipative terms
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Q′ = q + h(j− ρvn) + τ · vn

Entropy 
production rate

Dissipative energy flux

R = −h∇ · (ρs(vn − vs))− τik∂kvni −
1
T

q ·∇T
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Phonon contribution

∂tNph + div(Nphvn) = −Γph

T
µph

εp = csp + Bp3 +O(p5)phonon dispersion law

6

B > 0 φ→ φφ

B < 0 φφ→ φφφ



Phonon contribution

∂tNph + div(Nphvn) = −Γph

T
µph

εp = csp + Bp3 +O(p5)phonon dispersion law

6

ζ1 = − T

Γph

∂Nph

∂ρ

(
Nph − S

∂Nph

∂S
− ρ

∂Nph

∂ρ

)
= − T

Γph
I1I2

ζ2 =
T

Γph

(
Nph − S

∂Nph

∂S
− ρ

∂Nph

∂ρ

)2

=
T

Γph
I2
2

ζ3 =
T

Γph

(
∂Nph

∂ρ

)2

=
T

Γph
I2
1

B > 0 φ→ φφ

B < 0 φφ→ φφφ



Phonon contribution

∂tNph + div(Nphvn) = −Γph

T
µph

εp = csp + Bp3 +O(p5)phonon dispersion law

ζ2
1 = ζ2ζ3Notice that 

the system tends toward the state where
bulk viscosity does not lead to dissipation 
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then
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T 5
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< ψαiCγ5ψβj >∼ ∆ εIαβεIij
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SU(3)c × SU(3)L × SU(3)R × U(1)B → SU(3)c+L+R × Z2

               is spontaneously broken: CFL is a superfluid            U(1)B

Color superconductor

  Attractive interaction between quarks

  Degenerate system of quarks

Cold quark matter at extreme densities
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ρs
dvs

dt
= −ρs

ρ
∇p− ρs∇φ− FN

ρn
dvn

dt
= −ρn

ρ
∇p− ρn∇φ + FN + η∇2vn

λph−ph > Rstar

 Phonon-phonon scattering not 
effective for producing viscosity  

Phonons treatable like an ideal gas

Low temperatures T ! 0.01 MeV

phonons in CFL

 Mutual friction
Force between the superfluid component and the
normal component mediated by phonon-vortex 
interaction
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 Friction force Scattering of phonons off vortices

FM = κρs(vs − vL)× ẑ
 Magnus force Standard hydrodynamic force

Forces acting on a Vortex
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FN = D(vn − vL) + D′ẑ× (vn − vL)
 Friction force Scattering of phonons off vortices

FM = κρs(vs − vL)× ẑ
 Magnus force Standard hydrodynamic force

Forces acting on a Vortex

 From the equation of motion of the phonon field in the corresponding curved 
background

1/Λ =
(
1− c2

s

) κ

2πc2
s

Where      is the energy of the phonon and

dσ

dθ
=

cs

2πE

cos2 θ

tan2 θ
2

sin2 πE

Λ

E
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Suppose strange quark matter is absolutely stable 
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Madsen neglected mutual friction effects
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FN = D(vn − vL) + D′ẑ× (vn − vL)

dissipative component

Neutron Stars rotating at higher 
frequencies are observed

CFL stars are  ruled out?

Including mutual friction one has stable CFL stars with frequencies

ν ! 1Hz



Summary

 Superfluidity appears in a variety of places

 Cold atoms experiments are an interesting 
playground for our understanding of superfluids 

 CSC matter is a place where we can apply our 
understanding

 Gravity analogs are helpful tools in describing the 
low energy properties of (quantum) fluids
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