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Nuclear Superfluidity in Neutron Stars

Pairing gap in neutron stars matter

(U.Lombardo, H.-J. Schulze, LNP578, 2001)

BCS

Inner Crust



J.W. Negele, D. Vautherin, NPA207 (1973) 298

Nuclei in the Crust of Neutron Stars
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- excitations (energy gap)
• Conequences : - geant glitches 

- cooling    

neutrons: superfluidity of  1S0 type

• Consequences • Core  :  - neutrons: superfluidity of  3PF type
- protons:  superfluidity of 1S0 type

• Crust: - neutrons: superfluidity of 1S0 type
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- moment of inertia



Moment of inertia :  Migdal

One of the first claims on the nuclear
superfluidity in neutron stars
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There are constraints from neutron stars properties ?



• One- Cooper- pair problem

• Condensate of  pairs: treatment (BCS and HFB)

• Superfluid flow and vortex motion

Nuclear Superfluidity:  generic properties





One- Cooper-pair problem 

Physical system: two fermions subjected to an atractive interaction and situated
on top  (k >kF) of a free gas of fermions
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The “condensate” of pairs

Physical system: N fermions in the presence of an attractive force
Cooper pair instability >>> system of identical pairs
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• each pair is described by the same wave function φ 
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Note:  S+ is not a boson operator, so the wave function is not a Bose-Einstein condensate          



Pair condensate: BCS ansatz
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• Condensate with a given number of pairs

• BCS ansatz : (“coherent”) distribution of pairs
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• BCS equations



Pairing in non-uniform systems: Bogoliubov approach

How to form Cooper pairs in inhomogeneous systems ?

use intrinsic properties of the condensate ( in “field” picture)
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κ(r) describes the center of mass motion of the condensed pairs !

• a stationary state of a homogeneous system: κ(r) =constant

• vortex type motion : ϕκκ iner ||)( =
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• a stationary state of an inhomogeneous system: κ(r) =κ∗ (r)



Superfluid Flow
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• Translation motion:  if the system is Galilean invariant, one can simply shift the CM
of each pair with a given amount in momentum space 
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valid in general  if q does not change much over a coherence length (London)

• Superfluid flow:  arbitrary motion ( London & Feynman)
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Note: a condensate corresponds to a metastable equilibrium since a change of it
would involve a simultaneous transition of many pairs.



Rotation of uniform superfluids



Pulsars



Superfluidity and Giant Glitches

• Spin-up:    ΔP/P~10-6 

• Recovery: ~  1-3 months

• Energy : 1043 erg

• Scenario: vortex depinning

Anderson &  Itoh, 1975



Figure by F. Barranco ( INT-Seattle, june 2007)



Vortex configuration: pinning energy ?

Figure by F. Barranco ( INT-Seattle, june 2007)
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Thermal Evolution of Neutron Stars



Nuclear Superfluidity and Neutron Stars Cooling
(D

.G
. Y

akovlev et al, A
pJ  2004)

Superfluidity

• URCA processes:     direct :       n > p +e +ν;  p+e > n+ ν
modified :    n+n >n+ p +e + ν;n+p+e >n+ n+ ν

No superfluidity



Cooling Time of Neutron-Stars Crust

• J.M. Lattimer et al, ApJ425, 1994

Ts

n
shellw Rt ∝ 8.17.1 ≤≤ n

tw is strongly affected by the inner crust superfluidity ! 

Rshell

k
V2 C

Rt shellw ≈• G. E. Brown et al, PRD37, 1998 

core

crust J.M
. Lattim

eret al, ApJ
1994



Superfluidity and Specific Heat of Crust Matter

C(t)
V = CV (n) + CV (e) + CV(lattice)

• normal phase :

• suprafluid phase : CV(n)        CV(n;Δ=0) e-Δ/kT

CV (n) > CV (e)        
Δ

iE

• issues:  

- effect of nuclear clusters  on cooling time ?

- cooling time versus pairing intensity ?

• P.M.Pizzochero et al,  ApJ569, 2002 

- effects of the collective excitations ?



Inner crust: microscopic treatment

I) Inner crust structure: N/Z, Rws

II) Pairing properties : Δ(r,T,ω), Ei

δF=0, β−equilibrium

Self-consistent mean field  calculations (HFB)

III) Collective excitations: QRPA

E= Eph + Epairing + Eelectrons

CV



Finite-Temperature HFB

Enuc= Eph + Epair [ ρ,κ]

ΔT(r) = Vpair κT(r)

where :
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Energy Functional

Enuc= ESkyrme + Epair [ ρ,κ]

Pairing in neutron matter ? 

Epair [ ρ,κ] nuclei

neutron matter
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Pairing in Neutron Matter : BCS with bare forces

(U.Lombardo, H-J. Schulze, Lect.Notes Phys. 578 ,2001, 30 )
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1S0  Pairing Gap in Neutron Matter: beyond BCS 

C.Shen et al , Phys.Rev.C67(2003)A. Schwenk et al, NPA713 (2003) 191

U.Lombardo, H.-J. Schulze, LNP578, 2001



Pairing in Nuclear Matter: beyond BCS

Gorkov equations ;0|)(|0 ><−= +aaTiG ><−= ++ 0|)(|0 aaTiF
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C.Shen, U.Lombardo,P.Schuck,W.Zuo, N.S, Phys.Rev.C67(2003)



Self-energy Effects

Pole approximation :

Expansion around pF

)( ppp ωεω =



Self- energy

C.Shen, U.Lombardo,P.Schuck,W.Zuo, N.S, Phys.Rev.C67(2003)



Screening of Pairing Force



Pairing correlations

Enuc= ESkyrme + Epair [ ρ,κ]

Pairing in uniform neutron matter ? Epair [ ρ,κ]
nuclei

neutron matter



Efective Pairing Interactions

Vbare Gogny force
kF < 0.9

Vpair =V0[1-η(ρ/ρ0)α]δ(r-r’)

I) V0=-430

II) V0=-330

α=0.45; η=0.7

Δmax =3 MeV

Δmax =1 MeV

C.Shen et al Phys.Rev.C67(2003)



Inner Crust Structure 

~ 0.001ρ0
~ ρ0 ~ 0.5 ρ0

Wigner-Seitz approximations

• Independent spherical cells of radius Rc

• Each cell contains:  Z protons and N  neutrons 
Z electrons uniformly distributed

F= Enuc+ Eelec – TS δF=0

What is, for a given density, Z/N and Rc ?



Inner Crust Structure   
J.W. Negele, D. Vautherin, NPA207 (1973) 298
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N.S. ,Nguyen Van Giai,R.J.Liotta, Phys.Rev.C69(2004)045802

Density  in the Wigner-Seitz Cells 

r



Pairing Field  in the Wigner-Seitz Cells

N.S, Phys.Rev.C70 (2004) 025801

302.0 −≈ fmρ



Pairing Field  in the Wigner-Seitz Cells

30037.0 −≈ fmρ

N.S, Phys.Rev.C70 (2004) 025801



N.S, Phys.Rev.C70 (2004) 025801

Specific Heat in the FT-HFB Approach

bare force

screening

)(electrons
VC

302.0 −≈ fmρ



N.S, Phys.Rev.C70 (2004) 025801

Specific Heat in the FT-HFB Approach

)(electrons
VC

30037.0 −≈ fmρ



Specific Heat and Diffusivity Across the Inner Crust

T=100 keV
VC

D κ
=

s
m
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≅
C. Monrozeau, J. Margueron, N. S, Phys Rev. C, in press

(Lattimer et al, ApJ 425, 1994)



Thermal Diffusivity and Cooling Time
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Tolman – Oppenheimer – Volkov equation
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• outer crust : Baym-Pethick-Sutherland
• inner crust : Negele - Vautherin
• core : Glendenning-Moszkowski (GM1)

EOS

Results provided by Isaac Vidana
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Cooling Time of The Inner Crust

T=100 keV

C. Monrozeau, J. Margueron, N. S, Phys Rev. C, in press



C. Monrozeau, PhD thesis (Orsay, 2007)

Cooling time for various crust temperatures 



Non-uniform condensate:
coherence length : ζ ∼ hvF /πΔF

distance between clusters:  L
( a)   L >> ζ   :   ~  the case of uniform condensate 
(b)   L  <  ζ :     need of microscopic calculations ! 

Collective Modes in the  Crust of Neutron Stars



Linear Response for Superfluid Systems

• Probe the system with a  weak time-dependent external field

pair transfer

• The  external field  induces strong oscillations of the  nuclear densities
whenever the frequency is close to an eigenmode of the system    

; .)( )()0( ccet ti ++= − νωνρρρ

• The external field  produces  small changes which can be treated in the linear order 
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• Advantage: a method to derive the (Q)RPA equations for density-dependent forces
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response function
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V

QRPA response 
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E.Khan, N. Sandulescu .,M.Grasso, Nguyen Van Giai,  Phys. Rev. C66 (2002)024309

Rezidual interaction:



Supergiant resonances in the crust of neutron stars 

L=1

L=2 QRPA
HFB

Z=50
N=1750

302.0 −≈ fmρ

E.Khan, N.Sandulescu, Nguyen Van Giai, Phys.Rev.C71 (2005) 042801R



Specific heat of collective modes

Z=50
N=1750

(N. Sandulescu. , nul-th/061201)



Mass-Radius Constraints from Cooling Time

1.15 Μ0 < Μ  <1.5 Μ0

tw= 10 years

No Superfluidity:

6.8 km < R < 8.5 km

Superfluidity:

9 km < R < 11.5 km

Lattimer et al, ApJ425(1994)802



Summary and (No) Conclusions

consequences ?

Lattimer et al, ApJ425(1994)802
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