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Superfluidity/Superconductivity in NSs cores
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* Neutrons /protons become superfluid/
superconducting relatively early in the stellar life 
(Migdal 1959)

* The type of superconductivity depends on κs

κs =
ξp

2λp

→ { > 1, Type I,
< 1, Type II .

λp ∼ 9 × 10−12 (
mp

m*p )
−1/2

ρ−1/2
14 ( xp

0.1 )
−1/2

cm

* London penetration depth:

*Coherence lenghth:

ξp ∼ 5 × 10−12 (
mp

m*p ) ρ1/3
14 ( xp

0.1 ) ( 109 K
Tcp ) cm



Dedalus code

Single fluid MHD
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( ⃗∇ × ⃗Hc1) × ⃗B
4π

− nc
⃗∇ δμ∞

c + νe
⃗fνe

⃗∇ ⋅ (nc ⃗vc) = 0
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∂t

= ⃗∇ × ( ⃗vL × ⃗B ) + η∇2 ⃗B

⃗∇ ⋅ ⃗B = 0

∫𝒱
δμ∞

c d𝒱core = 0

where ,  , the terms in red operate on time-scales ⃗Hc1 = Hc1(r) ̂eB np = ne ≳ 107 yrs

⃗vL = ⃗vc +
c∇ × ⃗Hc1

4πepnc
+

𝒟e

𝒟′￼2
e

( ⃗∇ × ⃗Hc1) × ⃗B
4π

Following the model by Gusakov+2020

Credits: Vasily Dommes



Equilibrium configurations
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* Equilibrium configurations found by Lander 2013 & Lander+2014 in axial 
symmetry in absence of entrainment 

( ⃗∇ × ⃗Hc1) × ⃗B

4π
= nc

⃗∇ δμ∞
c

Image from Lander+2014

*Core snspe-matter 

*Crust snpe-matter

( ⃗∇ × ⃗B ) × ⃗B

4π
= nc

⃗∇ δμ∞
c

*Crust -core interphase 

( ⃗∇ × ⃗B ) × ⃗B

4π
=

( ⃗∇ × ⃗Hc1) × ⃗B

4π

 Lander results matched those of the Roberts field (Roberts 1981) →



Results: comparing RF vs D1
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EB = ∫𝒱core

Hc1B
2π

d𝒱

* t = 0 * t = 30τAlf

Ec = ∫𝒱core

ncμ ⃗v2
c

2c2
d𝒱
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EB = ∫𝒱core

Hc1B
2π

d𝒱 Ec = ∫𝒱core

ncμ ⃗v2
c

2c2
d𝒱

* t = 0 * t = 30τAlf

Results: comparing RF vs D1



Results: RF stability in 3D
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t = 7τAlf t = 30τAlft = 10τAlf t = 12τAlf t = 20τAlf



Summary    
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* We implemented a new 
numerical scheme that reproduces 
the GS-equilibrium in axial 
symmetry 

How to relate this with GW 

WORK IN PROGRESS… 

* Preliminarily, the Roberts field 
seems to be unavoidable 

* The Roberts field is unstable in 
3D

( ⃗∇ × ⃗Hc1) × ⃗B
4π pol

= nc
⃗∇ δμ∞

c

⃗B × ̂n |r=Rcc
= 0

Image from Lander+2014


