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Neutron stars and nuclear superfluidity

Nuclear superfluidity was discovered well before the first discovery of NS.

L'j'“ef’"fj?‘i"e'e= it et i electrons o Outer core made of superfluid

Inner crust: ion lattice, soaked i
et o e 52X neutrons and superconducting

Outer core liquid: e, ji-, SFn, pI'OtOl’lS o
superconducting protons

@ Nuclear superfluidity has
fround strong evidence : Pulsar
glitches (and, NS cooling).

Inner core: unknown

~10%gm>

~2x nuclear density ° Superﬂuid = not one but two
1049 an> velocity fields.

[
~nudear density

4x10" g cm?®
“neutron drip”

Constructing superfluid models of NS involves using multifluid
hydrodynamics = There will be additional microscopic inputs. J
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Entrainment effects (or Andreev-Bashkin effects)

The dynamics of superfluid neutrons and protons in the core are not
independent from each other — Non-dissipative coupling.

Entrainment effects

Due to the interactions between superfluids, the superfluid flow of neutrons
of the mixture entrains the superfluid flow of the protons and vice versa.
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Entrainment effects (or Andreev-Bashkin effects)

The dynamics of superfluid neutrons and protons in the core are not
independent from each other — Non-dissipative coupling.

Entrainment effects

Due to the interactions between superfluids, the superfluid flow of neutrons
of the mixture entrains the superfluid flow of the protons and vice versa.

The respective (mass) currents of neutrons and protons (p,,p,) are linked to
their respective superfluid velocities (V,, Vp) and the normal fluid V,, by :

Pn = miny, Vey + Pnn (Vo= Vex) + Pnp (Vp T Vex) =mn, Vy
Pp =mnyVex +0pp (Vp - Vex) +0pn (Vi = Vex) = mn,Vp
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Entrainment effects (or Andreev-Bashkin effects)

The dynamics of superfluid neutrons and protons in the core are not
independent from each other — Non-dissipative coupling.

Entrainment effects

Due to the interactions between superfluids, the superfluid flow of neutrons
of the mixture entrains the superfluid flow of the protons and vice versa.

The respective (mass) currents of neutrons and protons (p,,p,) are linked to
their respective superfluid velocities (V,, Vp) and the normal fluid V,, by :

Pn = miny, Vey + Pnn (Vo= Vex) + Pnp (Vp T Vex) =mn, Vy
Pp =mnyVex +0pp (Vp - Vex) +0pn (Vi = Vex) = mn,Vp

® p,, = Entrainment coefficients = Intensity of the 4 —q coupling
(@.9"=np)

o Entrainment effects may leave their imprints in the global dynamics of
the neutron star (e.g : frictonal coupling between neutrons and electrons)
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Nuclear energy-density functional theory

Preliminary assumptions

o NS temperature (~ 108 K) << Critical temperatures of neutrons and
protons (~ 10° —10'° K).

@ Neutrons and protons currents << Critical currents.

The influence of the nuclear pairing on the entrainment matrix can be
neglected (equivalent to V,, ~0 or Ty ~ 0 K)

The total energy of a nucleon-matter system can be written as a functional of
the density matrix nq(ra,r’a’, t):

E(t) = Exin + Ecout + Enuc = Jdl‘ £ [nq(r: t), V?lq(l', t),jq(l‘, t), Tq(l', t);---]
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Nuclear energy-density functional theory

Preliminary assumptions

o NS temperature (~ 108 K) << Critical temperatures of neutrons and
protons (~ 10° —10'° K).

@ Neutrons and protons currents << Critical currents.

The influence of the nuclear pairing on the entrainment matrix can be
neglected (equivalent to V,, ~0 or Ty ~ 0 K)

The total energy of a nucleon-matter system can be written as a functional of
the density matrix nq(ra,r’a’, t):

E(t) = Exin + Ecout + Enuc = Jdl‘ £ [nq(r: t), V?lq(l', t),jq(l‘, t), Tq(l', t);---]

o Where:
ng(r,t) =Y, ny(ro,ro,t) jo(t,t) =2 (V=V')ny(ro,r'c,t) ,—p

T,(r,) = ZV.V’nq(ro,r'G,t) lp=
o
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Minimizing E(t) yields the time-dependent Hartree-Fock (TDHF)
equations :

ihding(ro,v'o’,t) = hy(x, t)ny(ro,x’c’,t) = hy (v, t)ng(ro,r'o’, t)
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Minimizing E(t) yields the time-dependent Hartree-Fock (TDHF)
equations :

ihding(ro,v'o’,t) = hy(x, t)ny(ro,x’c’,t) = hy (v, t)ng(ro,r'o’, t)

Where hy(r, t) is the single-particle hamiltonian given by :

h? 1
hy(x,t) = —V.WV + Uy 8)+ o [Iq(r, 1.V +V.I,(r, t)]
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Minimizing E(t) yields the time-dependent Hartree-Fock (TDHF)
equations :

ihding(ro,v'o’,t) = hy(x, t)ny(ro,x’c’,t) = hy (v, t)ng(ro,r'o’, t)

Where hy(r, t) is the single-particle hamiltonian given by :

h? 1
hy(x,t) = —V.WV + Uy 8)+ o [Iq(r, 1.V +V.I,(r, t)]

Where the different fields (depending on the density matrix) are defined by :

R O ¥ B OF L (r,) = SE
2m(r,t)  OTy(r,t) ong(r,t)’ T Sj,(nt)

J(x1)
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Minimizing E(t) yields the time-dependent Hartree-Fock (TDHF)
equations :

ihding(ro,v'o’,t) = hy(x, t)ny(ro,x’c’,t) = hy (v, t)ng(ro,r'o’, t)

Where hy(r, t) is the single-particle hamiltonian given by :

h? 1
hy(x,t) = —V.WV + Uy 8)+ o [Iq(r, 1.V +V.I,(r, t)]

Where the different fields (depending on the density matrix) are defined by :

h? SE SE SE
= » U, I,t)= ” I r,t)= —
2mg(xr,t)  OT4(r,t) (1) ong(r, t) a(rt) 0jg(r,t)
TDHF equations are self-consistent and highly non-linear ! J
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Mass current and Skyrme functionals

A continuity equation can be derived from the TDHF equations

9y (mng(r,t)) +V.pg(r,t) = 9yp4(r,t) + V.pg(r,t) = 0
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Mass current and Skyrme functionals

A continuity equation can be derived from the TDHF equations

9y (mng(r,t)) +V.pg(r,t) = 9yp4(r,t) + V.pg(r,t) = 0

Giving the mass-current p, :

I(r, 1)
B

m q
Pq(r, 1) = quq(r, t) +mngy(r,t)
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Mass current and Skyrme functionals

A continuity equation can be derived from the TDHF equations

9y (mng(r,t)) +V.pg(r,t) = 9yp4(r,t) + V.pg(r,t) = 0

Giving the mass-current p, :

I(r, 1)
Pq(r,1) = @L : h

o) fijg(r, t) + mny(x, t)

We consider generalized Skyrme nuclear energy-density functionals:

Epuc = Jdr 5Skyrme(r)
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Mass current and Skyrme functionals

A continuity equation can be derived from the TDHF equations

d; (mnq(r, t)) +V.p4(r,t) = dspy(r,t) +V.pg(r,t) = 0

Giving the mass-current p, :

I(r, 1)
B

Pq(r,t) = @L

o) fijg(r, t) + mny(x, t)

We consider generalized Skyrme nuclear energy-density functionals:

Epuc = Jdr ESkyrme(r)

The nuclear energy terms contributing to the currents are given by :

5£uc = Cg(”)[”o(r' t)To(r, 1) — jo(r, t)z] e Cf(”)[”l(l'x t)ri(x,t) - ja(r, 1)

where 0 = 1+ p = is the isoscalar index and 1 = n — p = is the isovector index.
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The superfluid velocity is :
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The superfluid velocity is :
h
V,= ———j,(rt)=
et

Writing mf*;(r, t) and I,(r, ) in terms of V; and using the mass-current formula
gives the entrainment matrix :

Entrainment matrix

j cj
6ENuc bENuc

2 , .
5Xo(r,t) 0%, <r,t>]’””q(25w' - 1>l (4.9'=n,p)

6qq' + ﬁ

Pgqq = Mg
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The superfluid velocity is :

Writing mga(r, t) and I,(r, ) in terms of V; and using the mass-current formula
gives the entrainment matrix :

Entrainment matrix

6E{\]MC 6E{\]MC ’ ,
SXor,t) 8Ky ) |""a o~V (@a =np)

2

6qq' + ﬁ

Pgqq = Mg

o Evaluating the derivatives 0Ey,./0Xy and 0Ey,./0X; at the static ground
state (i.e : where j, = 0) gives the entrainment matrix obtained using the
Fermi-Liquid theory.

o The mass currents p, obtained using the TDHF equations may depend
nonlinearly on the superfluid velocities.
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Parametrization of the entrainment matrix

The Galilean invariance implies the following identities :

Pn = Mhy = Ppn + Pup B = T =Yg D Prp = Ppn
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Parametrization of the entrainment matrix

The Galilean invariance implies the following identities :

O = TEEAS (Prnggl® 05 = T00 N e e = (i
The entrainment matrix can thus be parametrized using only one

parameter such as the determinant of the entrainment matrix Y(p) = m/m®
(= inverse of the isovector effective mass) :

2 -1
T:M:(ﬂ_ﬁﬂ)(l_ﬂ) :Hi(éEwuc 5Ewuc)

PnPp n\ 6X, 06X,
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Parametrization of the entrainment matrix

The Galilean invariance implies the following identities :

O = TEEAS (Prnggl® 05 = T00 N e e = (i
The entrainment matrix can thus be parametrized using only one

parameter such as the determinant of the entrainment matrix Y(p) = m/m®
(= inverse of the isovector effective mass) :

N PnnPop — Ohp :( m on, m )(1_ﬂ)‘1 e (6ENMC _6ENMC)
PnPp 2

0Xy 0X,
Such parametrization decouples the p and # dependencies :

1 = (n, —np)/(n, +ny) P=PuntPp The Y = 2 parameter is
1 1 mdependent of the
= = Tet = (i —
P 20( o 17)[ 2( ) )] composition (i.e 17) for
-l 1 Skyrme-like functionals
Ppp = Ep(l =4 [1 o 5(1 + (1 _T)] and it can be estimated from

functionals fitted to various
nuclear data.

1
Pup = Ppn = 7P(1=17°)(1 =)
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@ Solid lines = microscopic calculations of effective masses (LNS and

Sk xm*).
o BSk fitted to nuclear masses and different neutron-matter equations of
state (BSk19-BSk21) or symmetry energies (BSk22-BSk25).

BSk21, BSk24 BSk25 consistent with microscopic predictions. Moreover,
unified EoS using the BSk family have been recently calculated. J
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@ Solid lines = microscopic calculations of effective masses (LNS and
Sk xm*).
o eMSL fitted to a few nuclear masses and different effective masses.

The eMSL family gives similar predictions as the BSk ones although no
unified EoS using eMSL have been constructed. J
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Conclusions and prospects

Conclusions

o We have analytical formula for the entrainment matrix of neutron and
proton mixture at T=0K.

https://doi.org/10.1103/PhysRevC.100.065801
@ Applicable to a large class of Energy density functionals and some of

which (like the BSk family) have unified EoS — We have consistent
calculations of the EoS and entrainment !

o Entrainment at finite temperature — Three fluid model : neutron
superfluid, proton superconductor and normal fluid (thermal
excitations).

o The problem can be reduced to a two-fluid problem with a temperature
dependent entrainment matrix.

o We won't use the TDHF equations but we will use the time-dependent
Hartree-Fock Bogoliubov equations instead.
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Thank you for your attention
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Skyrme functionals (1)

The Skyrme interaction is given by :

Sk 1
v = by (1+ x0P,) 6(rij) + St (L+x1P) [p2.6(ri) + 6(xi)p? ]

+%«1+m3»p@6umpﬁ+%@u+xﬂamuwéum
2h2 tg (1 + x4 P, [pl] 5(r1])+6(r1] pl]]
1 % (1+x5P,)pij-n(r)? o(r;j)pij + h2 Wo (01 + 0;) Pij X O(rij)pij
+ hizwl (ai + aj).pij X (nqi + nqj) o(r;;)pij
Where r;; =1; -1}, r = (r; + r;)/2. The momentum operator is given by
pij = —ih(V; = V;)/2. We have : P, =(1 + 0;.0;)/2 where o, is a vector made by

using Pauli matrices. The Skyrme interaction gives the Skyrme energy :
Sk
Estyrme = (HElvy; " |HF)
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Skyrme functionals (2)

Phenomenological functional & parameters adjusted using experiments
and obersvations.

o n, 2 T iz 2 5.2 sT ji2
5Skyrme = E [Ct ny + Cinyty + CoJf + Cisy + C; 8. Ty + Cij;
t=0,1

@ Isoscalar (t = 0 © n+p) and isovector (t = 1 © n-p)
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Skyrme functionals (2)

Phenomenological functional & parameters adjusted using experiments
and obersvations.

iy n,2 T jt2 S sT j:2
Estgrme = ) |Con?+ CEnyz, + ClZ 4 Cis?+ CiTs, Ty + Clf
t=0,1

@ Isoscalar (t = 0 © n+p) and isovector (t =1 © n-p)
o Homogeneous matter = Disappearance of gradient terms
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Skyrme functionals (2)

Phenomenological functional & parameters adjusted using experiments
and obersvations.

T Jjs:2
ESkyrme = [Ct ni + Cinyt, + Ciji
£=0,1

@ Isoscalar (t = 0 © n+p) and isovector (t =1 & n-p)
o Homogeneous matter = Disappearance of gradient terms

e Spin unpolarized matter = Disappearance of J,, s, and T, terms.
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Skyrme functionals (2)

Phenomenological functional & parameters adjusted using experiments
and obersvations.

L T2 i ji2
gSkyrme . Z [Ct ny + Ct Ty + Ct]t]
t=0,1

@ Isoscalar (t = 0 © n+p) and isovector (t =1 < n-p)
o Homogeneous matter = Disappearance of gradient terms

o Spin unpolarized matter = Disappearance of J,, s, and T, terms.

Special case : Neutron star matter

o Homogeneous spin unpolarized inner core, made of n,p,e, .
o Charge neutrality : n, =n,+n,
o f Equilibrium: nop+e+v,andpoetv, +7,
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Skyrme functionals (3)

The C coefficients are given by :

3 3
Cg = gto 3R Etw?

(3 o] 51 o)

t t
=3 ot
Ct= 1—36t1 +%(Z+x2)+ %t4n‘:+%’n5(z+x5)
{3 L)L) )
C]T =-Cr ny =Ny, +n,

ALLARD Valentin February 25, 2020
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Skyrme functionals (4)

The energy per nucleon e in the infinite nuclear matter can be expressed as a
function of the asymmetry parameter 1 = (1, —n,)/n and € = (n—ng)/ng
(where 1y is the saturation density ng ~ 0,16 fm=3):

e(n,n)=e(n,n=0)+ e(sly)m(n)q2 +O(174)

1 1
esnm(n)=e(mn=0)=a,+—K,e?— ——K'e3+...

18 162
1 1 1
e(sy)m(n) =]+ gLe + 1—8K5ym62 + ...
2
e(sy)m(n) =e(n,n=1)—e(nn=0)
(1)
de
(1) Sym
J = esym(“o) L=3ny e

n=ngm
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Skyrme functionals (5)

Fonctional J(MeV) L (MeV) K, (MeV) My (Mg) mS/m
BSk19 30 31,9 237,3 1,86 ,61
BSk20 | 30 37,4 241,4 2,15 ,65
BSk21 | 30 46,6 245,8 2.28 ,71
BSk24 30 46.4 245,5 2.28 ,71
BSk25 | 29 36.9 236,0 2.22 ,75
BSk26 30 37,5 240,8 2.15 ,65
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BSk19, BSk20 and BSk21 functionals

o Experimental data : Fit over 2149 experimental masses (AME 2003) with
an rms deviation of 0,58 MeV such that ] = 30 MeV and K, =240+ 10
MeV and m®/m= 0,80 at saturation density.

o N-body calculations : fit to realistic ! Sy pairing gaps in neutron and
symmetric matter + fit to realistic neutron matter EoS with different
degrees of stiffness : FP EoS (BSk19), APR EoS (BSk20) and LS2 EoS
(BSk21).

o Implications on NS : NeuM core and no direct URCA process for
MN s max = 1,86 Mg (BSk19), unlikely direct URCA process for
My max = 2,15 Mg (BSk20), possible direct URCA process for
My max = 2,28 Mg, (BSk21).

Retrospective constraints
® Mpsgj1614-2230 = 2,01 £0,04 M, and Mpsg jo348-0432 = 1,97 + 0,04 M,
— BSk19 is disfavored by astrophysical arguments !

@ Measurements of IVGDR favor m®/m ~ 0,7-1 = BSk21 seems to be the
most reliable functional.
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BSk24, BSk25 and BSk26 functionals

o Experimental data : Fit over 2353 experimental masses (AME 2012) with
an rms deviation of 0,549 MeV such that K,, = 240 + 10 MeV and m®/m =
0,80 at saturation density.

o N-body calculations : fit to realistic ! Sy pairing gaps in neutron and
symmetric matter + fit to realistic neutron matter LS2 EoS (BSk24 and
BSk25)/ APR EoS (BSk26) with different symmetry energy : ] = 30 MeV
(BSk24 and BSk26), ] = 29 MeV (BSk25).

o Implication on NS masses : Mg ¢ = 2,28 Mg (BSk24),
MN§ max = 2,22 Mg (BSk25), Mg max = 2,15 Mg (BSk26).

Restrospective constraints

Measurements of IVGDR favoir m®/m ~ 0,7-1 — BSk24 (remake of BSk21)
and BSk25 seem to be the most reliable functionals.
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o EoS of pure neutron matter.

o Shaded areas = Constraints from chiral effective field theory.
@ BSk20 (resp. BSk21) is indistinguishable from BSk26 (resp. BSk24).
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e Symmetry energy at subsaturation densities.

o Constraints : heavy-ion collisions (blue), isobaric-analog and neutron
skins (purple), electric dipole polarisability of 28 Pb (green).

o BSk20 (resp. BSk21) is indistinguishable from BSk26 (resp. BSk24).
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e Symmetry energy at supersaturation densities.
o BSk20 (resp. BSk21) is indistinguishable from BSk26 (resp. BSk24).
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25

MM ]

o 10 11 12 13 14
R [km]
o Gravitational masses vs radius (non-rotating NS).

o Constraints inferred from the analysis of GW170817 : masses and radii
of the two NS, with 90% CL (grey boxes) expected values for the maximal
mass using various studies (yellow).

o BSk20 (resp. BSk21) is indistinguishable from BSk26 (resp. BSk24).
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eMSL07, eMSL08 and eMSL09 functionals

Experimental data : Fit over the binding energy of 12 spherical
even-even (e-e) nuclei + charge rms radii of 10 spherical e-e nuclei +
ISGMR energies of 4 spherical e-e nuclei such that the neutron

3p1/» — 3p3 energy level splitting in 2°8Pb is in the range 0,8 — 1,0 MeV +
fixed values for m® and m? at saturation density.

Constraints on nuclear matter : fit to constant pairing gap + p., > 1,2
fm~3 + pressure of symmetric nuclear matter consistent with constraints
in 2py < p <4,6p¢ + EoS of pure neutron matter consistent with
predictions of the latest chiral effective field theory (Tews and al. 2013) +
J =26,65MeV and L = 47,3 MeV at p. =0,11 fm3.

Constraints on effective masses (at saturation density) : m®/m =0,7 and
m®/m = 0,6 (for eMSL07), m®/m = 0,8 and m®/m = 0,7 (for eMSLO08),
m®/m = 0,9 and m$/m = 0,75 (for eMSL09).

Implications on NS masses : Mg ;00 = 2,17 Mg (eMSL07),

MN s max = 2,19 Mg (eMSLO08), MN s, max = 2,21 Mg (eMSL09)
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BSk VS eMS

o Fit to 2000 masses. o Fit to a dozen of masses.
o Fit to microscopic calculations o Constraints on the effective
of NeuM EoS, effective masses, masses.
pairing gaps, ... @ No unified EoS constructed
o Constraints on incompressibility using this family.
K, and stability (eg. ¢; <, etc.). o Constructed in order to describe
o Existence of unified EoS and explain the exitence of
constructed using this family. massive NS.
o Constructed in order to describe ® My§ max ~ 2 Mg.
nuclei as well as nuclear matter
in NS.
C MNS,max ~ 2 Mp.

The BSk and eMSL family give quite similar predictions (in terms of
entrainment).

ALLARD Valentin February 25, 2020 29/43



2'5"'|""I"'l"‘1"'

[ PSR J034850437 AT TN
2.0 oo s TR
1.5 | [__ISuleimanov
> L Guillot
E F | ] Steiner(20)
1.0 - I steiner(10)
I | ——eMsL09
| ---emsL08
[|---- eMSLO7
05 H BSk26
| ---- BSk24
L ----- BSk22
0.0 e s e T
6

o Gravitational masses vs radius (non-rotating NS).

o Constraints : masses of the two heaviest NS (horizontal bands), 3 x-ray
bursters and transient low-mass x-ray binaries (Steiner constraints),
atmosphere models (Suleimanov) and quiescent low mass X-ray binairies
(Guillot).

@ BSk20 (resp. BSk21) is indistinguishable from BSk26 (resp. BSk24).
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LNS functional and Skym* functionals

LNS

o Experimental data : fit over 9 closed-(sub)shell nuclei (giving the 1, x1,
t2, x2)

o N-body calculations : fit over nucelon effective masses in symmetric and
non-symmetric nuclear matter obtained using the Brueckner
Hartree-Fock method (giving the t(,xg,t3,x3 parameters) where 7 = 0,4 +
K, =200-240 MeV + Symmetry energy at saturation density = 34 MeV.

o Experimental data : fit the binding energies of double closed-shell nuclei

@ N-body calculations : fitting the EoS and the nucleon effective masses in
asymmetric nuclear matter described by chiral effective field theory.
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UNEDEEF and SLy4 functionals

UNEDFO0 and UNEDF1

o Experimental data : fitting the binding energies for 44 well deformed
even-even nuclei + fitting the binding energies and charge radii for 28
spherical nuclei (+ fitting the excitation energies of four fission isomers +
fitting 3 additionnnal masses of deformed nuclei, for UNEDFI case).

o N-body calculations : fit to density-dependent gap with fixed isovector
effective mass m/m® = 1,249 and zero tensor coupling constants (and no
CM correction, for UNEDFI1 case).

SLy4

o Experimental data : fitting the binding energies and rms radii of 5
doubly magic nuclei + fittig the neutron 3p;,, — 3p3/, single particle
energy splitting in 2°®Pb + constraints on the surface properties.

o N-body calculations : fit to contact density-dependent pairing gap +
E/A~-16 MeV at py ~ 0,16 fm~3 + K, ~ 230 MeV + reproduction of
Wiringa and al. EoS for NeuM.
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Entrainment matrix at low temperature under linear

response theory

o Atlow T : the entrainment matrix does not depend on the pairing.
HFB reduces to HF:

= 1
q_ 4.4 i q . . 4
hydy = e Py A ngek ng==) iy =5 ) ik

o Static ground state : ﬁlq( =0 elq: —elq() =j;=0
il :9(6P+rcqvlq( el‘i):nq:to

Slight perturbation of the Fermi
surface by a vector ok = Q.

7y =mV,y =hQ, jg = 1qQq

~_~-
Etatfondamental Etatavec courant
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Superfluidity-Superconductivity

Superconductivity Superfluidity
@ Zero resistivity @ Zero viscosity
@ Magnetic flux expulsion o Angular momentum decrease
(Meissner Effect) (Hess-Fairbank Effect)
o EM flux quantization (Fluxon) @ Momentum quantization
(Vortex)

B0 A e

o At first sight : no huge difference between superconductivity and
superfluidity : Superconductor ~ Charged superfluid.
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Pairing inside NS

At low temperatures, the nuclear interaction induces nucleon pairs which can
condense into a superfluid and superconducting phase.

' ' ' ' ' 's @ Pairing channels :
25+1 L]

Spin— qingler pairs

TR =

L=0 L>0

S [deg]

Spin—triplet pairs

b4 b

-1
k [fm ]
(Picture from V.Dexheimer) (Source : D. Page, J. M. Lattimer and al.,
arXiv:1406.6109)

Most attractive pairing channels

Neutrons 'S (crust and core), neutrons *P3 (core) et protons 'S (core).
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Superfluidity in neutron stars

Nuclear superfluidity has strong support with observations of NS.

Rapid cooling of Cassiopeia A § Pulsar glitches

P T T T 7
/

0080200300 -

/
B0 v 2010 or 9:’ /
5 I L I L A
107 10 100 1000 10* 10° L’
Age [yrs]
@ NS cool mainly due to v, v Sudd ) £ oul
emission. ¢ u 1 en ?Ln up o If)lu .Zar
. explained by superflui
@ Superfluidity increases the " "
p y dynamics (vortices and fluxons).

number of emitted v, V.
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Pulsar frequency glitches

@ Pulsar spin down BUT sudden /
spin up following by an e[ /]
exponential relaxation : Pulsar e
Glitch

e Coupling between the charged
particles (in the outer core) and
the crust (due to magnetic
fields) : I et w.

o Neutron superfluid weakly
coupled to the charged
superfluid : I, et w,,.

Period (atomic )

10 20 1 20 30
Feb. March
Date of obscrvation (UT)
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@ Velocity decrease of the charged fluid (EM emission) = Decrease of the
vortex density IF NO pinning on the nuclei inside the inner crust =
Magnus force

@ Magnus force becoming greater than the pinning force = Unpinning and
vortex ejection (w, \)

@ The pulsar spins up (due to the angular momentum conservation) :
Glitch

>

Q,

) -

vitesses de rotation
@)
I
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NS cooling

@ "Classical" cooling : .
2x10

n—pt+e+v, pte—>n+v, 10°

[¥]

5
t, 5%10

Such process are suppressed in
presence of superfluidity.

o Cooling with superfluidity : 2 16 L .

2000 Year 2010

108 ! I !
1 10 100 1000 10

{NN} > N +N+v¢+vy
N+N — {NN}+vs+ vy

Age [yrs]

Where {NN} = Cooper pair.
@ Observed in Cassiopeia A.

(Source : D. Page et M. Prakash, arXiv:1011.6142)
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Influence of entrainment effects in pulsars

o Induced circulation of protons T
around neutron vortices.

-

o Induced magnetic field B and
magnetic flux ¢, : B

hc Pn ¥,

14 . n
2——Oc i - i~

€ Ppp : K

.

o Electrons and muons scattering v
off the magnetic field — . B
Effective viscosity in the neutron
superfluid. el el B

o Frictionnal coupling between
the crust and the core =
Influences the pulsar dynamics.

' 1
' 1]
[ i
L[] ]

(Picture from K.Glampedakis)
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Nuclei, e and u : normal or superconducting phase ?

Nuclei inside the outer crust

@ Outer crust made of iron nuclei.

o For a density p~8,2gcm™3: TC(FE) ~ 2K<< Tys = Fe is at normal state
(Source : Shimizu and al., Nature 412, 316 (2001)) !

Electrons (and muons)

o Atoms completely ionized inside NS (where p > 10* g cm™3) : electrons =
Fermi gas.
o Critical temperature of a NR electron gas in a ionic background :

Tc(e) wce?” = Tc(e) decreases with density p

e For p > 106 g cm™3, the electrons become relativistic : TC(E) e dma

o Electrons (and muons) are in normal phase !
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Bardeen-Pines interaction

_ 4ne?

- Qk?

o BUT interactions between conducting electrons with other electrons and
with ions = Renormalization of the interaction (Jellium model) :

o Bare Coulomb interaction : V,(k)

2 2 2

4 4 w
Ve sk, w) = 2n62 Fi 2n62 2 : 2
k?+k7p ki+kipw - wy
~—

Screening  Tonic lattice Polarization

Where : wy ~ ¢,k ~ wp et kpp = /47-(623_2

@ The renormalized interaction can be attractive (for : w < wy)
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Nuclear interaction

150 . — T

v(S.T) (MeV)
o

-50 -

-15¢

r (fm)

e We have V,,,;_pyc(®,S,L,T)=VEM Vv~

nuc—nuc nuc—nuc

VRepulsion
nuc—nuc

o The long-range term V;,._,,.,is attractive and is therefore responsible of
the pairing phenomenon. Its mediator is the pion.
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