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Introduction

Observations
Superfluidity in neutron stars

Pulsar glitches
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Models for pulsar glitches Haskell & Melatos, 11mPD, 2015

@ Rearrangement of the moment of inertia --» crust quakes,

@ Angular momentum transfer between two fluids --» superfluidity.
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Introduction

Observations
Superfluidity in neutron stars

Superfluidity in neutron stars

Baym, Pethick & Pines, Nature, 1969

Superfluid properties:

@ zero viscosity,
@ infinite thermal conductivity,

@ angular momentum carried by
vortex lines.

Madison et al., PRL, 2000

Theoretical considerations

Observational supports

@ Long relaxation time scales
T~ 10° — 10%° K in pulsar glitches,

@ Fast cooling in Cassiopeia A,

--» superfluid neutrons in the
core & in the inner crust of the NS. @ QPOs from SGRs, ...
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Introduction

Observations
Superfluidity in neutron stars

Vortex-mediated glitch theory

Anderson & Itoh, Nature, 1975

Consequence of superfluidity:

several dynamically distinct components inside neutron stars.

Two-fluid model o P
8 \
@ Charged particles: 3
Q, = Q + pulsar s
P p c Q,
@ Superfluid neutrons: 3
Q, 2 Q ]
time
Before the glitch: the vortices are pinned to the crust.
radial force < pinning force )
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Introduction

Observations
Superfluidity in neutron stars

Vortex-mediated glitch theory

Anderson & Itoh, Nature, 1975

Consequence of superfluidity:

several dynamically distinct components inside neutron stars.

Two-fluid model o P

Q2

@ Charged particles: 3
Q, = Q « pulsar § o _

@ Superfluid neutrons: 3
Q, 2 Q s ~
time

Once a threshold in Q, — €, is reached:

radial force = pinning force )

--» angular momentum transfer between the fluids
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Introduction Observations

Superfluidity in neutron stars

Purposes of the present work

Previous works:

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

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

Purposes

@ Compute realistic equilibrium configurations of rotating
superfluid neutron stars,

@ Build a simple numerical model concerning pulsar glitches.
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Relativistic two-fluid model with realistic EOS
Superfluidity in neutron stars Equilibrium configurations
Bulk model for pulsar glitches

Basic assumptions

Equilibrium configurations

@ isolated star,

e T =0,

@ no magnetic field,

@ dissipative effects are neglected,
@ uniform composition — p, e, n,

@ asymptotically flat, stationary,
axisymmetric & circular metric,

@ rigid-body rotation: Q,, Q.
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Equilibrium configurations
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Relativistic two-fluid model with realistic EOS

Superfluidity in neutron stars Equilibrium configurations
Bulk model for pulsar glitches

Relativistic two-fluid hydrodynamics

Carter, "Covariant theory of conductivity in ideal fluid or solid media", 1989 & Carter & Langlois, Nuc. Phys. B, 1998

System = two perfect fluids:

@ superfluid neutrons — fy = nyn,
@ protons & electrons  — i, = nylp.

Energy-momentum tensor
Taﬁ = nnap/r; + npapg + Wgozﬁ
< conjugate momenta

Entrainment matrix:
Equation of state
P =Kl 4 KPd .
ph = KPR + KPPAP, S(nn,np,A2)

--» entrainment effect
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Relativistic two-fluid model with realistic EOS
Superfluidity in neutron stars Equilibrium configurations
Bulk model for pulsar glitches

Equations of state

Relativistic Mean-Field Theory:

nucleon-nucleon interactions < exchange of effective mesons

L =[Lo|+[Lo + Lo+ Ly + Ls|+ | Lint]

free baryons free mesons interaction

PSR J0348+0432

2 BT @ Gravitational mass:
PSR J1614-2230
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Relativistic two-fluid model with realistic EOS
Superfluidity in neutron stars Equilibrium configurations
Bulk model for pulsar glitches

Density profiles

Mg = 1.4 Mg, Q,/2m = Q,/2m =716 Hz
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Relativistic two-fluid model with realistic EOS
Equilibrium configurations
Bulk model for pulsar glitches

Superfluidity in neutron stars

Modelling glitch rise

Bulk model for pulsar glitches:

Qn — Q, = AQ. = angular momentum transfer through mutual friction

T . - Typical time scales
Lyne et al.,, MNRAS, 1993

@ rise time:

7.<30s Vela
7.~ 0.5d Crab

Dodson+, ApSS, 2007 & Wong+, ApJ, 2001

@ hydrodynamical time:

Freguency Residual, & (zo: Hz)

0 5 10 7h =~ 0.1 ms
Days from 1989/08/29 09:36

Shapiro, ApJ, 2000

--» Series of equilibrium configurations with constant M®& and J.

10/15 28" Texas Symposium Numerical 2-fluid models for neutron stars in GR



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

Angular momentum transfer

Langlois, Sedrakian & Carter, MNRAS, 1998 & Sidery, Passamonti & Andersson, MNRAS, 2010

Mutual friction moment:
superfluid vorticity v lag
Cint = =B | Tamnmwnh? dX x (0 — Qp)

\ mutual friction parameter
Evolution equations:

J = 4 T, --» Computation of Q,(t) & Q,(t) profiles
_jp = — [ from Q,0> Qp0

Tigger threshold

I AQ 7
AQ. = Q3-Qf ~ E?Q MB, Q, EoS, B-eq., AQ/Q, B
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Superfluidity in neutron stars

Relativistic two-fluid model with realistic EOS

Equilibrium configurations
Bulk model for pulsar glitches

Spin-up time scale

AQ/Q =107 Qf /27 = Qf /2r = 11.19 Hz, Mg = 1.4 Mg & B=10"*
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Relativistic two-fluid model with realistic EOS
Superfluidity in neutron stars Equilibrium configurations
Bulk model for pulsar glitches

The Vela pulsar

AQ/Q=107°, Qf /or = Qf /2w = 11.19 Hz
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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 Ho, Espinoza, Antonopoulou & Andersson, Science Advances, 2015

Confrontation with accurate observations of glitches

-- to get some constraints on the interior of neutron stars
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Conclusion

Thank youl
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