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Introduction

Superfluidity in neutron stars

outer core

inner core

[ adapted from Langlois, "Superfluidity in relativistic neutron
stars", 2002 & Haensel, Potekhin & Yakovlev,
"Neutron stars 1 : Equation of state and structure", 2007. ]

Theoretical considerations
[ Baym, Pethick & Pines, Nature, 1969 &
Pines & Alpar, Nature, 1985 |

T<Te~10°-1019K
@ superfluid neutrons in the

core & in the inner crust,

@ superconducting protons
in the core.
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Introduction

Two-fluid model

Consequence of superfluidity:

several dynamically distinct components inside neutron stars.

S
>

@ Charged particles:
Q, = Q (— pulsar)

angular velocities
@)

time
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Two-fluid model

Consequence of superfluidity:

several dynamically distinct

@ Charged particles:
Q, = Q (— pulsar)

@ Superfluid neutrons:
On = O

angular velocities

Co
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S
>

components inside neutron stars.

uplings:
@ Entrainment (non dissipative)

@ Mutual friction (dissipative)
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Introduction

Two-fluid model

Consequence of superfluidity:

several dynamically distinct components inside neutron stars.

" A Qn

o

@ Charged particles: %
Q, = Q (— pulsar) c Q, -

@ Superfluid neutrons: ES
On = O 5 ~

Couplings: Evidence for superfluidity
[ Anderson & ltoh, Nature, 1975 ]

@ Entrainment (non dissipative) Long relaxation time scales
@ Mutual friction (dissipative) — glitches observed in pulsar glitches.
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Introduction

Purposes of the present work

Previous works:

@ Theoretical model with two fluids in GR developed by Carter,
Langlois, et al. (1990s).

@ Prix, Novak & Comer, PRD, 2005: Numerical model for
stationary superfluid neutron stars implemented in LORENE.
--» polytropic EoS (non realistic).

Purposes
@ Compute equilibrium configurations of rotating superfluid
neutron stars considering 2-fluid EoSs based on microphysics,

@ Give a simple numerical model concerning pulsar glitches.
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Relativistic two-fluid model with realistic EOS
Superfluidity in neutron stars Numerical results
Bulk model for pulsar glitches

Basic assumptions

Equilibrium configurations

@ isolated star,
T =0,
no magnetic field,

dissipative effects are neglected,

uniform composition — p, e, n,

®© 6 6 ¢

asymptotically flat, stationary,
axisymmetric & circular metric,

@ rigid-body rotation: Q,, Q.

System = two perfect fluids coupled by entrainment:
@ superfluid neutrons — iy = n, U,

@ protons & electrons  — i, = nylp.
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Relativistic two-fluid model with realistic EOS
Superfluidity in neutron stars Numerical results
Bulk model for pulsar glitches

Canonical two-fluid hydrodynamics

[ Carter, "Covariant theory of conductivity in ideal fluid or solid media", 19 Comer & Langlois, CQG, 1994,
Carter & Langlois, PRD, 1995 & Carter & Langlois, Nuc. Phys. B, 1998. ]

Energy-momentum tensor

TaB = nnapg’ + npapg’ + Wgaﬂ
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Relativistic two-fluid model with realistic EOS
Superfluidity in neutron stars Numerical results
Bulk model for pulsar glitches

Canonical two-fluid hydrodynamics

[Carter‘ "Covariant theory of conductivity in ideal fluid or solid media", 1989, Comer & Langlois, CQG, 1994,
Carter & Langlois, PRD, 1995 & Carter & Langlois, Nuc. Phys. B, 199

Energy-momentum tensor

TaB = nnaPB + npapg + Wgaﬂ
< conjugate momenta
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Relativistic two-fluid model with realistic EOS
Superfluidity in neutron stars Numerical results
Bulk model for pulsar glitches

Canonical two-fluid hydrodynamics

[ Carter, "Covariant theory of conductivity in ideal fluid or solid media", 1989, Comer & Langlois, CQG, 1994,
Carter & Langlois, PRD, 1995 & Carter & Langlois, Nuc. Phys. B, 19

Energy-momentum tensor

TaB = nnaPB + npapg + Wgaﬂ
< conjugate momenta

Entrainment matrix:

Pl = KMt 4 KPP
pb = KP4 KCPPRR,
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Canonical two-fluid hydrodynamics

[ Carter, "Covariant theory of conductivity in ideal fluid or solid media", 1989, Comer & Langlois, CQG, 1994,
Carter & Langlois, PRD, 1995 & Carter & Langlois, Nuc. Phys. B, 19

Energy-momentum tensor

TaB = nnaPB + npapg + Wgaﬂ
< conjugate momenta

Entrainment matrix:

pl = K"n" + K"Pnf,
ph = KP"nf 4+ KPPn,

= entrainment effect
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Relativistic two-fluid model with realistic EOS
Superfluidity in neutron stars Numerical results
Bulk model for pulsar glitches

Canonical two-fluid hydrodynamics

[ Carter, "Covariant theory of conductiv in ideal fluid or solid media", 1989, Comer & Langlois, CQG, 1994,
Carter & Langlois, PRD, 1995 & Carter & Langlois, Nuc. Phys. B, 1998. ]

Energy-momentum tensor

TaB = nnaPB + npapg + Wgaﬂ
< conjugate momenta

Entrainment matrix:

ph = K"n), + K"Png, Po O Ug
— P P

pgi = P" ng + Kppng Pa X Uy

= entrainment effect without entrainment
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Relativistic two-fluid model with realistic EOS

Superfluidity in neutron stars Numerical results
Bulk model for pulsar glitches

Equation of State

First law of thermodynamics (T=0)
2 n  p 2
g(nn7nP)A )<—>\U(ILL ﬂ,u‘ 7A ) dg:Mndnn+/lpdnp+adA2

Relativistic Mean-Field Theory:

nucleon-nucleon interactions < exchange of effective mesons

£=[Lo]+[Ls + Lo+ Ly + Ls]+[Lim]

free baryons free mesons interaction

EoSs:
hout § --» adapted to a two-fluid system coupled
@ DDH (without § meson) by entrainment.
@ DDHé (with § meson)
[ Comer & Joynt, 2003 & Gusakov, Kantor & Haensel, 2009. ]
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Relativistic two-fluid model with realistic EOS
Superfluidity in neutron stars Numerical results
Bulk model for pulsar glitches

Entrainment effects

<% in the rest frame of the <03l [ ' 1
second fluid. g
0.2f 1
0.1} 1

Zero-velocity frame

0.0 s f ‘ ‘ ‘ ‘ ‘

X % 02 o4 o6 08 10 12
* * -

my =~ (1—€¥%) np (fm™)

2
nx MX

--» assuming S-equilibrium & A2 = 0.
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Relativistic two-fluid model with realistic EOS
Superfluidity in neutron stars Numerical results
Bulk model for pulsar glitches

Global quantities

Surface definitions
nn=0&n, =0

PSR J0348+0432
2 B
PSR J1614-2230

U L @ Gravitational mass:

Mg = M® + Eping,

15} ]

o) DDHS -0 H : . .
= DD - 716 He @ Circumferential radius:
0] — DDH-0Hz

= 1} — DDH-716Hz * RX :CX/27T.

circ, eq

Virial identities:
GRV ~10~7 —-107°

I:‘Eirc (km)
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Relativistic two-fluid model with realistic EOS
Numerical results

Bulk model for pulsar glitches

Superfluidity in neutron stars

Density profiles

Mg = 1.4 Mg, Qn/27 = Qp /27 = 716 Hz

4 Grav. potential
06=0 -
0=m/2—
-
.§ N neutrons DDH
=3
»
22 T
2 0.05 ¢ AN ER IR RN
o \
3] b \ $
s 1F 4 ]
< |
a y AN
protons ‘ i
10 1 e S s B -
A —10 0 10
15 20 x [km]

--» np(0) ~ 0.44 fm™3 & x,(0) ~ 0.08.
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Relativistic two-fluid model with realistic EOS
Superfluidity in neutron stars Numerical results

Bulk model for pulsar glitches

Modelling glitch rise

Bulk model for pulsar glitches:

AQ > AQ. = angular momentum transfer through mutual friction

Typical time scales

@ rise time:
] 7, S40s—2 min - Vela
T, ~ a few hours  Crab

[ Dodson, McCulloch & Lewis, ApJL, 2002 &
Lyne, Pritchard & Smith, MNRAS, 1993. ]

Freauency Relldlunl, Av (10'2‘ Hz)

o s 0 @ dynamical time:

Days from 1989/08/29 09:36
Tdyn ~ 0.1 ms
[ Lyne, Pritchard & Smith, MNRAS, 1993. ]

[ Epstein, ApJ, 1988 & Shapiro, ApJ, 2000. ]

--» Series of equilibrium configurations with constant MZ and J.

11/15 Journée GPhys 2015 Numerical 2-fluid models for neutron stars in GR



Relativistic two-fluid model with realistic EOS
Superfluidity in neutron stars Numerical results
Bulk model for pulsar glitches

Angular momentum transfer

Mutual friction moment

H H . [ ois, Sedrakian & Carter, MINRAS, 1998 &
Evolution equatlons' Sidery, Passamonti & Andersson, MNRAS, 2010. ]
{ Jn = + rint7

Jp = — rint' rint =B (QP - Qn) / r”nnwnhi dx

— Computation of Q,(t) & Q,(t) profiles from Q, 0> Q50 J

¥

‘?Q Qur=0pr=Q

- ) Vs

Z i “"\‘ .. .

2 ; S Initial lag = trigger threshold:

> | T

o 4 — —
g 1 | AQe = Qno— Qo~107°-107°Q
3 | 'Qn,()' Q]?,O?

C

o S— ]
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w

Days from 29 August 09:36

o
N
~
[
o
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Superfluidity in neutron stars

Relativistic two-fluid model with realistic EOS
Numerical results

Bulk model for pulsar glitches
Preliminary results

Inputs:

AQ/Q =10"° Q1/2r = Q2 /27 = 400 Hz, MB = 1.7 M, & B=10"°
1.2.10°®

: T T T T T 3.0.10° T T T - Qn"ﬂp T
Q7 fit: T = 8.4689 +/- 0.0004 s
>
1.0.10° / 2510% %
L
b
Q=0 i
8.0.107 F ~ 2010°F% 1
«
% E
g 60107 = 1810°F %
g d
4 ;
-
40107 F S 1010°
2.0.107 5.0.10
Q, —
Q
0.0.10° . . . . P 0.0.10° . . e
) 10 20 30 40 50 60 =100 10 20 30 40 50 60
time (s) time (s)
=)
Qn(t) — Qp(t) x e /" = 7, ~85s J
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Conclusion

Conclusion

@ Equilibrium configurations for superfluid neutron stars with
realistic EoSs, using LORENE,

@ Bulk model for pulsar glitches seen as angular momentum
transfers through mutual friction force, in GR.

Future work:

e 7, as a function of B, MEB, ... for different EoSs,
@ Confrontation with accurate observations of glitches,

@ Evolution in time of mass quadrupole @ — GWs.
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Conclusion

Thank youl
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Conclusion

Formalisme 341

Feuilletage de I'espace-temps (€, g) par
(Xt)¢cr. de normale (locale) unitaire 7

Observateurs eulériens O, : 4-vitesse =

—

n

e Fonction lapse N : i = —NVt,
o Vecteur shift 3 : 8; = Nii + 3.

A" = const.

gop Ax¥ dx? = —N2dt? + ~; (dx' + ' dt) (dx + # dt)
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Conclusion

Résolution numérique : méthode du point fixe

Parametres d’entrée : Etapes lors d'une itération

e une EOS
. 2
.« D HP En chaque point (u", uP, A®), on
. Q, Q calcule :
T 1. WV, n,, n, et o a partir de
T e
Initialisation : 2. Les termes sources E, p,,
e N=A=B=1etw=0,Y(r,0) S,
U,=U,=0 , . , .
i 2 3. Résolution des équations
» H00) = (1-55) ) d'Einstein,
4. Les termes cinétiques U; et [,
Test de convergence i
5. Calculs de H; ;.

]H,"H_l(r,ﬁ) — Hi(r,0)| < e
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Conclusion

Résultats - coefficients métriques

10 15 20 25 30
r (km)
T —
0278
10 20 25 30
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Conclusion

Spacetime metric

[ Bonazzola, Gourgoulhon, Salgado & Marck, A&A, 1993 & Prix, Novak & Comer, PRD, 2005. ]

Rotating neutron stars, at equilibrium, described by (€, g):

@ asymptotically flat: g — n at spatial infinity (r — +00),

08ap __ 08ap =0

@ stationary & axisymmetric: =33 = dp

@ circular: perfect fluids = purely circular motion around the rotation
axis with Q,, ©, (+ rigid rotation).

8op XV dxP = —N2dt? 4+ A2(dr? + r* d6?) + B?r?sin® §(dp — wdt)?

At spatial infinity

N,AB—1 & w—0
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Conclusion

Angular momenta

Axisymmetry < X J

J=—Jg, T(A,X) &V

—Py

Angular momentum of each fluid
[ Langlois, Sedrakian & Carter, MNRAS, 1998. ]

Ix :/ jy A*Brsinfdrdfdy
>

Rk: Qx =0 % Jx = 0, if the second fluid is rotating!
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Conclusion

Tabulated EoS
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