Superfluid fraction in the inner crust of neutron stars
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® |ntroduction: inner crust of neutron stars and its superfluid fraction
® Formalism: HFB with Bloch boundary conditions and Andreev-Bashkin two fluid model

® Results: fully self-consistent HFB and linear response in BCS approximation
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Inner crust of neutron
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...and its superfluid fraction
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the HFB equations in this form allow to compute the ground state properties of our system

h2
hyr = (2m*)kk’k k' + U — (k + k/) i — Rk - v Sy (1)
Uy = — Z Vipk'p Pp'p — Skyrme potential (SLy4 & BSk24) (2)
pp’
Ay = — Z Vik' o pkiprp — Separable interaction (fitted on Vigw.k) (3)
pp’
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Hartree-Fock-Bogoliubov in a lattice

Periodicity can be imposed trough the Bloch's theorem,
in momentum space this introduces a decomposition in integer multiples of 27 /L and
a continuos momentum known as Bloch momentum

21 . T T
k—Tn+kb with nEZ,kbE[L,L)

as a consequence the HFB matrix has only integer indices, and it is diagonal in the Bloch
and (if any) parallel momenta

(et i) (Leleh) = i (L52560)
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Hartree-Fock-Bogoliubov in a lattice, a taste

Solving the HFB equations with Bloch boundary conditions means computing
the band structure of the inner crust
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Andreev-Bashkin formalism

Our setup gets us access to densities, currents and other relevant quantities.
Then with the formalism due to Andreev and Bashkin we can compute the superfluid fraction

Pn=(pn—ps)V+psVn i Pp=ppV
This relation has to be understood in an average sense (¢ = phase of the gap: A = |Ale/?)

dx h g

v, - [ 4

Since our quantities are periodic the average superfluid velocity is zero, thus we are working in
the reference frame in which the superfluid component carries no momentum
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Lasagna statics
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Lasagna dynamics

0.08 T T T T 1 T
O T R N T EEEEEEEEREECE i ]
el _ -3 _ __ ] 0.8 - " 1
0.04 | v/e=2x107" L . 1
CaN] < ] Q L \ |
<002 | AR I 02 py=0.063 fn? ]
0~ ~ o4 L=2fm
—0.02 - SN 1 0.3 -
7004 | | | | 02 C 1 | | I I I I [
0 0.2 0.4 0.6 0.8 1 22 24 26 28 3 32 34 3.6

xz/L v/ex 103

Almirante & Urban, Phys. Rev. C 109, 045805 (2024)

10/19



Spaghetti
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Results and comparison

Crystal

fin L pb | ps/pn | Ps/pn
(MeV) | (fm) | (fm™3) | (%) | (HF%)
9 33 0.0334 | 92.1 7
10 31 0.0425 | 92.8 9
11 29 0.0518 94.1 27

Spaghetti

pn | L Pb_ | Ps/pPn | PS/Pn
12 24 | 0.0619 945 75

125 | 24 | 0.0670 | 95.4 82

Lasagna

pn | L Pb_ | Ps/pPn | PS/Pn
13 |20 [0.0723 | 96.3 93

13.5| 20 | 0.0768 | 97.2 94
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Bands effects VS pairing gap

Normal band theory should be valid in the weak-coupling limit (pairing gap < Fermi energy)
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Geometric contribution in BCS approximation
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HFB vs BCS

To quantitative compare with the BCS approximation, HFB calculations are performed with
fixed mean-field and self-consistent pairing
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Constraint from glitch activity

The superfluid density ps is related to the superfluid moment of inertia of the crust /s,
then the ratio Is// can be used as a constraint thanks to its relation with the glitch activity G
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Conclusions

® 1D: ps/pn=~97% No surprise.
® 2D: ps/pn~95% Normal band theory underestimates the superfluid fraction !
® 3D: ps/pn~92% Entrainment is very small because of the geometric contribution !!

The superfluid reservoir in the inner crust of neutron stars is big enough to explain
pulsar glitches with the crust only !!!

The geometric contribution could be non-zero also in the shallowest layers of the inner crust,
and it is expected to appear in all the superfluid response functions
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Thanks for your attention!
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