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Nuclear Superfluidity in Neutron Stars
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1S, Pairing Gap in Neutron Matter
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Pairing Gap in Nuclei
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Enuc= ESkyrme N pa/r [ P; K]

Pairing in uniform neutron matter ?

pa/r [:01 K]<: O
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Observational consequences related to the uncertainty in the 'S, pairing ?
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Nuclear Superfluidity and Neutron Stars Cooling
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Cooling Time of Neutron-Stars Crust
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t, is strongly affected by the inner crust superfluidity !



Superfluidity and Specific Heat of Crust Matter

CO, = Cy (n) + C, (e) + Cy(lattice) -

* normal phase Cv (n) > CV (e) E.

: ™

*_suprafluid phase :  C,,(n) < C,/(n;A=0) e-AKT

*issues: . effect of nuclear clusters on cooling time ?

» P.M.Pizzochero et al, ApJ569, 2002

- cooling time versus pairing intensity ?

- effects of te collective excitations ?
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Self-consistent mean field calculations (HFB)

l) Inner crust structure: N/Z, R,

Il) Pairing properties : A(r,T,w), E; , ...

I1l) Collective excitations: QRPA




Enuc= ESkyrme N pa/r [ P; K]

Pairing in uniform neutron matter ?
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Pairing in Nuclear Matter: beyond BCS
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a=0.45; n=0.7 o

)V =-430 <> A_. =3 MeV
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) Vy=-330 <> A, =1MeV
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Finite-Temperature HFB Approach
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Inner Crust Structure

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

Z N
po/100 <= 40 460 00Zr,,

P/42.9 <= 50 900 908N,

P/7.84 <= 50 1750  1890Sn,,

Py/3.37 <=> 40 1460  °%%Zr,,

Po/2.03 <> 32 950 82Ge,,
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Density in the Wigner-Seitz Cells
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Pairing Field in the Wigner-Seitz Cells
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Pairing Field in the Wigner-Seitz Cells
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Specific Heat in the FT-HFB Approach
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Specific Heat in the FT-HFB Approach
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Specific Heat and Diffusivity Across the Inner Crust

C. Monrozeau, J. Margueron, N. S, Phys Rev. C, in press
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Thermal Diffusivity and Cooling Time

Constant thermal diffusivity
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Non-constant thermal diffusivity
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Tolman — Oppenheimer — Volkov equation
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Cooling Time of The Inner Crust
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Cooling time for various crust temperatures
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Open Questions

 Whatis the influence of the detailed structure of the inner crust upon
the cooling time ?

 What is the effect of the temperature gradient on cooling time ?

T~100 keV

/\

hell 1
to=Al dR*[p]
= ji D[p,T(p)]

T~300 keV

« Contribution of colective modes on specific heat and cooling time ?




Collective Modes in the Crust of Neutron Stars

Non-uniform condensate:
coherence length : T~ hvg /mA¢

distance between clusters: L
(a) L>> T : ~ the case of uniform condensate
(b) L < T: need of microscopic calculations !
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Supergiant resonances in the crust of neutron stars
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Specific heat of collective modes
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Summary and (No) Conclusions

'\ 100 -
4 : - . ' " ; . : 5 % Stvmng P(lli{ing
B M Weak P
— ViaiartMua N E Ko Ko ) wi:;; clu(;;?rng
ety awene VANV S 80 * e without cluster
y . ¥ bare™+/"lofal ~ K, No Pairin
5 s o svwess ' 70 X : =
o o Vearet My § E
P S 60
1 n i -
= 5 = S0f *
° 04 J
s > R s
< ] 30F
1 = -
0 T T ey T T -2.5 -2 -1.5 -1 -0.5
0.0 0.4 0.8 1.2 1.6 [ogm (p/ po)
ke (i)
Consequences ?
é
>
2
3
2 19 —— Hib(1)
= —-— Hib(2)
——- Qrpa(1)
...... Qrpa(2)
-21
05 6 8 10 12 14 =0 02 03 04 05
R (km) T [MeV]

Lattimer et al, ApJ425(1994)802



Lattimer et al, ApJ425(1994)802 11SM, <M <15 M,
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Interaction 7 (n.u.) [ans] 7 (u.) [ans]

SP 9.1 8.9

WP 33.8 31.1

SP’ 11.9 11.9

WP’ 25.0 23.7
Argonne [Piz02] 16 11
Gogny [Piz02] 15 15

TAB. 7.1 — Temps de diffusion obtenus avec différentes forces effectives d’appa-
riement, a T=100 keV, dans la matiere non-uniforme et uniforme. Les résultats
de Uétude [Piz02] sont également donnés.



Cooling time in previous calculations
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Cy(nu)/Cy(u.)

Total specific heat : nuclear cluster contribution
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Total Specific Heat : nuclear cluster contribution

Cy(nu)/Cy(u.)
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Properties of the Wigner—Seitz Cells

Nione N Z Rws o

[fm] [gem™] [m]
10 140 40 54 4.7 x 10" 12
O 160 40 49 6.7 < 10 12
8 210 40 46 1.0 x10'? 15
7 280 40 44 1.5x10" 21
G 160 40 42 2.7 =% 10'2 40

5 900 50 39 6.2 % 1012 45
4 1050 50 36 9.7 x 1012 43
3 1300 50 33 1.5 x 10'® 87

1750 50 28 3.3 x 10! 156

t:, e

| 1460 40 20 7.8 % 101® 187



Specific Heat of Collective Modes

»_specific heat: ¢, = L e
T oT
-entropy.  Sgy= 2, [ (1+g,)In(1+9,)-g,Ing,]

- 2 [ (1+g;)In(1+g;)-g;Ing;]

g,=[exp(Q,/kT)-1]" (Q, —QRPA spectrum)

gi=[exp((E;+E;)/KT)-1]" (E; - HFB spectrum )



Cooling time versus stars size

Lattimer et al, ApJ425(1994)802
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Superfluidity is changing t, by a factor of 3!



