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Introduction




! Superfluid density

Landau's two-fluid description of supefluids:

normal component:

superfluid component:

n*(T)  on(T)
n?(T)  vs(T)

Superfluid density nS : Density which contributes to SF flow.

Response of current to the phase twist of SF order parameter.
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W Glitch model based on n-superfluidity

2 fluids in NS crust

dripped neutrons: superfluid ‘ quantized vortices

normal fluid M8 pinning center of vortices
nuclei (form a lattice): <

charged M) coupled to a EM field

decelerated by pulsar emission

nucleus

— 7
o o o o _ .
Glitch model based on n-superfluidity
®© o o o
® o o o pinning/unpinning of vortices of n-superfluid

‘2"“" Voriex . 1
‘ n-sf: angular mom. reservoir i
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» Crisis of the glitch models

Chamel, PRC 85, 035801 (2012)

Band calculation without pairing.
(HF with nuclear interaction of Skyrme type)

Good approx. if the effect of pairing is weak.
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Insufficient superfluid density to explain glitches!

Mom. of inertial of n-superfluid is too small. :
Andersson et al., PRL (2012); Chamel, PRL (2013); Delsate et al., PRD (2016).



SF density of neutrons in the inner crust of NSs:

New life for pulsar glitch models

New Scientist

GW & Pethick, PRL 119, 062701 (2017).
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Difficulty of the problem
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Need to look at the band structure
in detail.
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Take-home messages

Both “gaps” are important!

(band gap) vs (pairing gap)

Pairing drastically reduces the effects of band gap when

|A| 2 (lattice potential height)

[ |Al/(band gap)] matters even though |A|/Er <1

Superfluid density may be large enough to account for glithces.

New life for glitch models!

GW & Pethick, PRL 119, 062701 (2017). Si



! Poor man's analysis

Scattering of quasiparticles by spin-indep. pot.:
Hi = Y V(k =¥ 0w 0
k. ko

T T
Ay » = UkOy , + oV k&

4 \ /

fermion quasiparticle
4 )
K'o|Hips | ko) = (upup — vpvg )V (Jk — K'|)
L coh. factor ko) = O‘L,a‘ob

On the Fermi surface (k = [2mu]"2), uy = vi = 1/V2
‘ (k'o|Hint ko) =0
No net scattering on Fermi surface.

. Potential for particles and holes are equal and opposite.



Simple analysis by 2-band model

particle hole particle hole
(P) (P) (p-K) (p-K)
-3 A v :
H = A (5 - 3) 0 -V
vV 0 1p—K)?—3 A
o v L (St

p : quasimom. of a quasiparticle (in units of pr)
| K : reciprocal lattice vector (in units of pr)
o) MO L2 e V': strength of the lattice pot. (in units of 2E.)
A : pairing gap (in units of 2E)

Nested case: K= 2
‘ Eigenvalues @ p=p,: i\/AQ + V2 (doubly degenerate)

[Al/|[V|Z 1 w) Pairing effect is important even if i
10

A|/Ep < 1
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Bogoliubov-de Gennes approach

Basic equation (BdG eq.):

(

gé((;)) —5'_(2@) ) ( ZL@ ) - Ei( 5(

Q : quasimom. per particle of superflow

Hg(r) = L(—iv +Q+k)* + Vexi(r) — p

- 2m
4 _ _ )
1D sinusoidal pot.
‘/ext(r) _ VK(eiKZ 1+ e—iKZ)
\L Y,

‘ Calculate ns. — o0& (n, Q)
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Effects of the pairing gap (1)

] Bemmat e
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Reduction of nS due to band gap is suppressed by paring gap. ﬁi



Effects of the pairing gap (2)

Suppression of band gap effect by pairing
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w Application to NS crusts

Obstacles:

= Lattice pot. in NS crusts has many Fourier components.

* Neutrons occupy ~ 500 bands.

» 3D lattice: average over the orientation of lattice is needed.

‘ Direct BAG approach is formidable.

Take a shortcut!

A



Superfluid density in NS crusts

Assumption: pairs of RLVs {K,-, -K,-} contribute to n® independently.

Iongltudmal transverse

: ong [ (K, Vi, A
2~ eXp{ In ] vada:[ll e Vk, )B}
no nyN Jo n

effect of lattice pot.
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~|(1+ 3.5z M

F sffect of pairing gap

K-dep. :
approximate fit . A .
forrn factor of lattice pot.
(V, -dep.) 1




Superfluid density in NS crusts

‘ Focus on the case where the reduction of n® is largest. ‘

In Chamel (2012): Avr. density n =0.03 fm™3

neutron Fermi energy E ° = 16.4 MeV

A~~1-1.0 MeV

(" ™
No pairing limit (A =0): n°/n; ~0.20 (cf. Chamel's result ~ 0.1)

A=1MeV: n°/n; ~ 0.64

A=15MeV: n°/n? ~0.71  Only 29% reduction!

Superfluid density is large enough.

== | Glitch models based on superfluidity are still tenable! %i



» Summary & conclusion

Study of neutron superfluid density in neutron star crusts

» Both pairing gap and band gap are imporant.

|A|/(band gap) matters rather than |A|/Ep

» Effects of the band gap is suppressed in NS crusts.

n’®/n? ~ 0.1 ‘ ~ (.7

No pairing Pairing included

Pulsar glitch models get new life!

GW & Pethick, PRL 119, 062701 (2017). ”i






W KandV,dependence in normal limit

Normal limit: A =0; for sinusoidal pot.

1 —
; Little effect of lattice
0.95 :— for K> 2k,
N 0.9 :_ Scattering with mom.
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W Form factor of lattice pot. in NS crusts

Ve (MeV)

Fourier transform of MF pot. in Chamel's calculation.
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Reciprocal lattice vectors (RLVs)
bcc lattice — fcc in reciprocal space

Min: K = 27(£1,+1,0) etc. (12 RLVs)
Koin/2ky, ~ 0.12

2nd: K = 22(+2,0,0) etc. (6 RLVs)
K = \/§Kmin

3rd: K = 27 (£1,£1,+2) etc. (24 RLVS)
K = \/§Kmin

K/2k, 2 0.15 m) |[Vk| <A

K/2k, 2025 m) |Vk| <A
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» Superfluid density in NS crusts (1)

Assumption: pairs of RLVs {K., -K} contribute to n° independently.

i (K) = ns K, K; + n[é;; — K K]

longitudinal transverse

avr. over orientation
for cubic symmetry ns

———

contribution from

many RLVs in crusts ;s H/ , 1 . ns (K, Vik,A)
L T — = -5 —
K; 3

sum — integral

=
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