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Open question
The interior of a neutron star is thought to contain differents kinds of
superfluids and superconductors in the crust and in the core.

Thin atmosphere: .
Outer crust: ions, electrons
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l Inner crust: ion lattice, soaked
in superfluid neutrons (SFn)

Outer core liquid: e~ -, SFn,
superconducting protons

Inner core: unknown
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For a recent review: Chamel, J. Astrophys. Astr. 38, 43 (2017)

Question: How do superfluid neutrons flow through the crust?



Superfluidity in an inhomogeneous medium

The breaking of translational symmetry leads to the depletion of
the superfluid reservoir, even at T = 0.
Leggett, Phys. Rev. Lett. 25, 1543 (1970)

Can a Solid Be “Superfluid™?

A. J. Leggett
School of Mathematical and Physical Sciences, University of Sussex, Falmer, Brighton, Sussex, England
(Received 15 September 1970)

It is suggested that the property of i ional inertia by super-
fluid liquid helium may be shared by some solids. In particular, nonclassical rotational
inertia very probably occurs if the solid is Bose-condensed as recently proposed by
Chester. Anomalous macroscopic effects are then predicted. However, the associated
superfluid fraction is shown to be very small (probably £10™%) even at T'=0, so that these
effects could well have been missed. Direct tests are proposed.

Examples:
superfluid helium in porous media,
superconducting electrons in solids,
dilute atomic superfluids in optical lattices.



Superfluidity in neutron-star crust

Similarly, superfluid neutrons in neutron-star crusts do not flow
freely despite the absence of viscous drag.

The neutron current in the crust rest frame can be written as
jn = N3Vn

Vp is the neutron “superfluid velocity” (momentum)

n: is the neutron superfluid density

The neutron superfluid density n? is generally smaller than the density
nf. of free neutrons due to the breaking of translational symmetry.

Recent review:
Chamel, J. Low. Temp. Phys. 189, 328 (2017) - arXiv:1707.07854



Microscopic approach: density functional theory

In the Hartree-Fock-Bogoliubov method, neutrons are described by
independent quasiparticles in self-consistent “mean” fields:
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h(r) . r BOr o+U@r) o o is the single-particle
Hamiltonian with  the chemical potential,
(r) is the potential describing the formation of pairs.

The HFB equations are highly nonlinear since h(r) « and (r) are
determined by the set of occupied wave functions £ ¢(r; ); 2(r; )g.
The HFB method reduces to the BCS theory in homogeneous matter.

Dobaczewski & Nazarewicz, in "50 years of Nuclear BCS” (World Scientific Publishing,
2013), pp.40-60



Density functional theory in a periodic medium

Floguet-Bloch theorem

| found to my delight that the wave differed from the plane
wave of free electrons only by a periodic modulation.

Bloch, Physics Today 29 (1976), 23-27.

The wave functions satisfy
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for any lattice vector “.

Band index (rotational symmetry around each lattice site)
Wave vector k (translational symmetry of the crystal).

Chamel, Goriely, Pearson, in "50 years of Nuclear BCS” (World Scientific Publishing,
2013), pp.284-296.



Multi-band BCS theory

Due to proximity effects, (r) varies very smoothly.

The HFB equations can thus be well-approximated by the multiband
BCS gap equations:
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where v [nn(r); ny(r)] is an effective pairing interaction.

The wave functions ” ¢ and the energies " ¢ are given by
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Chamel et al., Phys.Rev.C81,045804 (2010).



Multi-band BCS superconductors
Multi-band superconductors were first studied in 1959 but clear
evidence were found only in 2001 with the discovery of MgBs.

Electrons in different bands feel different pairing interactions leading
to different pairing gaps:
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X. X. Xi, Rep. Prog. Phys.71, 116501 (2008)
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Multi-band BCS neutron superfluid

In the crust of a neutron star, the number of bands is 10> 103! |
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Chamel et al., Phys.Rev.C81,045804 (2010)

Superfluidity permeates clusters because Cooper pairs are loosely
bound (coherence length  cluster size).



Neutron superfluid fraction

The neutron superfluid density at T = 0 is given by
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In the weak coupling limit = ¥ 0, itis fully determined by the
shape of the Fermi surface independently of pairing:
S Mp = z
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Carter,Chamel,Haensel,Nucl.Phys.A748,675 (2005); Nucl.Phys.A759,441(2005)

Systematic band-structure calculations showed that the superfluid
fraction < 10% at densities  0:02  0:04 fm 3: most neutrons are
entrained by the crust.

Chamel,Phys.Rev.C85,035801(2012).



Band structure and Fermi surface

with clusters without

The breaking of translational
symmetry leads to strong
distortions of the Fermi surface.

Chamel,Phys.Rev.C85,035801(2012)



